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MORPHOLOGICAL LOCALIZATION OF THE BACTERIOPHAGE 
TAIL ENZYME* 


By D. D. BROWN anv LLOYD M. KOZLOFF 
(From the Department of Biochemistry, University of Chicago, Chicago, Illinois) 


(Received for publication, May 28, 1956) 


In an earlier report dealing with the chemistry of viral invasion, Barring- 
ton and Kozloff (1, 2) showed that incubation of various T series bacterio- 
phages with N!*-labeled Escherichia coli B cell walls caused the release of 
as much as 15 per cent of the total nitrogen from the host cell walls. The 
characteristics of this interaction appeared to be similar to those of an 
enzymatic reaction, and it was suggested that the active site was on the 
virus tail. This paper is also concerned with the nature of this reaction 
and with the morphological location of the proposed enzyme. 

A simple assay system for the lytic activity of phage on cell walls has 
been devised by using £. coli cell walls prepared from bacteria labeled with 
C4, The experiments in this paper show that phages T. and T,, altered 
by various chemical or physical treatments, have enzymatic activity on 
cell walls. Evidence will be presented which indicates that the intact 
phage is enzymatically inactive and that a phage particle has activity only 
after the tail has been shortened. 


Materials and Analytical Methods 


Viruses T, and T, were prepared and assayed as described elsewhere 
(2). C™ was counted as infinitely thin samples in a gas flow chamber. 
Electron micrographs were taken with an RCA electron microscope. Sam- 
ples were sprayed on collodion-coated grids, dried in air, and then shad- 
owed with chromium. 

Preparation of C'-Labeled Cell Walls—E. coli B cells were grown on a 
synthetic medium similar to that of Hershey (3). This medium contained, 
in gm. per liter, 0.098 KH2PO,, 0.039 MgSO,-7H.0, 12.1 Tris (tris(hy- 
droxymethyl)aminomethane), 0.0056 CaCle, 5.0 NaCl, 1.0 NH,Cl, 0.667 
C'-glucose, and 0.333 C™-fructose. The pH was adjusted to 7.5 before 
autoclaving. (The C™ sugars were obtained from Dr. A. L. Koch, Ar- 
gonne National Laboratory, as a mixture of totally labeled glucose and 
fructose.) 


* Aided by grants from The National Foundation for Infantile Paralysis, Inc., 
and the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the University of 
Chicago. The work reported here was taken in part from a thesis submitted by D. 
D. Brown to the Division of Biological Sciences of the University of Chicago in par- 
tial fulfilment of the requirements for the degree of Master of Science. 
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All cell wall preparations were made from bacteria grown aerobically at 
37° with gentle shaking for at least 12 hours. With a limiting energy and 
carbon source of 1 gm. of glucose per liter, the bacteria grew only to 1 X 
10° per ml. The bacteria were centrifuged and resuspended in 40 ml. of 
0.1 m Tris, pH 8.2, with Mg** adjusted to 10°? m. The bacteria were 
disrupted in a 9 ke. Raytheon sonic oscillator (20 minutes at 130 volts) 
and then incubated with 200 y of deoxyribonuclease and 200 y of ribo- 
nuclease at 37° for 3 hours. The preparation was centrifuged at 19,000 x 
g at 4°, and the pellet was extracted twice with absolute alcohol in the cold 
and washed with 0.9 per cent NaCl. The pellet was resuspended in 40 
ml. of 0.1 m Tris buffer at pH 8.2 and incubated with 250 units of trypsin 
for 12 to 18 hours under toluene. The cell walls were sedimented at 
19,000 X g, and the pellet was resuspended in water. The remaining con- 
taminating material was removed by centrifugation at 2000 K g. The 
cell walls were centrifuged for 30 minutes at 19,000 X g, washed twice 
with water, and finally resuspended in a volume of about 4 per cent of the 
original medium. 

Cells of £. coli strain B/2 were grown to about 3 X 108 per ml. with 
about 0.5 gm. per liter of a C™ totally labeled amino acid mixture (Ar- 
gonne National Laboratory) as the sole carbon and nitrogen source. The 
remainder of the medium was identical with that given above. Cell walls 
were prepared in an identical manner. 

Assay System for Measuring Viral Enzymatic Activity—The following 
components were added to 5.0 ml. plastic centrifuge tubes in an ice bath: 
0.1 ml. of cell wall preparation (about 14,000 c.p.m. for EF. colt B cell walls 
and 5800 c.p.m. for B/2 cell walls), 0.01 ml. of 0.05 m Tris (pH 7.0), and 
0.3 ml. of phage and NaCl solution to reach a final ionic strength of 0.16. 
The order in which the components were added did not effect the release 
of non-sedimentable carbon. For controls, the phage preparations were 
preheated at 90-100° for 5 minutes and then placed in the ice bath, and 
the cell walls were added last. After all components had been added, the 
tubes were kept at 0° for 15 to 30 minutes for equilibration and then in- 
cubated for 2 hours at 37°. Small samples for determining the amount of 
phage inactivation by cell walls were then withdrawn and the remainder 
centrifuged at 19,000 X g for 2 hours at 4°. Supernatant solutions were 
immediately decanted, and 0.10 ml. was plated on washed aluminum 
planchets, dried, and counted. 

The amount of non-sedimentable C™ in the cell wall preparations was 
about 1 per cent of the total cell wall carbon. This value was determined 
for each experiment and was subtracted from the amount of non-sedi- 
mentable C™ found after phage-cell wall interaction. 

These cell wall preparations contained a large number of relatively intact 
cell walls which resembled the transparent bags obtained by the procedures 
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of Weidel (4), Salton and Horne (5), and Mudd et al. (6). However, the 
presence of partially disrupted cell walls made it impossible to obtain ac- 
curate cell wall counts. Therefore, unless otherwise specified, at least 100 
phage particles were added per cell wall visible microscopically. 


Results 


Interaction between Sonically Disrupted Cell Walls and Intact Bacterio- 
phage—In most respects, the action of T, and T, bacteriophage on iso- 
lated cell walls parallels the reactions found during viral invasion of the 
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Fic. 1. Cell wall C'* made non-sedimentable by varying amounts of T; phage. 
The maximal amount of C™ liberated is 4.7 per cent of the total cell wall C'*. The 
cell wall preparation contained approximately 5 X 108 cell walls per 0.1 ml. 


whole cell. Whole T2 phage liberated non-sedimentable carbon from dis- 
rupted cell walls under conditions and in amounts similar to those reported 
by Barrington and Kozloff (2) for N'® liberation from Salton and Horne 
and Weidel preparations. Fig. 1 shows a typical curve of non-sedimenta- 
ble C™ released as a function of amount of T,; phage added. 

Table I summarizes some properties of the interaction of intact T, phage 
with sonically prepared cell walls. At 4°, there is practically no digestion 
and the small amount of C™ liberated can be attributed to temperature 
rise (to 10°) during centrifugation. If T, phageis heated to 100° for 5 min- 
utes, enzymatic activity is completely destroyed. However, cell walls pre- 
heated in a boiling water bath for 5 minutes are readily digested by whole 
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T2 phage. At low ionic strength, the whole phage attaches only reversibly 
to bacteria (7), and there is no digestion. 

Rapid adsorption of T, phage and liberation of non-sedimentable nitro- 
gen from Weidel cell walls take place at 37° (2). To follow the rate of T, 
phage digestion at a lower temperature, tubes were incubated in a bath at 
26°. At the appropriate time intervals, the reaction was stopped by plac- 
ing the tubes in a 96° bath for 4 minutes and then storing them at 0°. 
All tubes were centrifuged at one time. Fig. 2 shows that the reaction 
was almost complete after 2 hours of incubation at 26°. 

Puck and Lee (8) have demonstrated leakage from intact radioactive 


TABLE I 


Characteristics of Digestion of Sonically Prepared 
Cell Walls by Intact Phage 


Cell wall 
Experiment Phage used Conditions carbon 
released 
per cent 
Temperature de- T» Incubation temperature, 4° 0.9 
pendence 1 ws 37° 4.4 
Heat treatment T: Phage preheated 100° 5 min. 0 
Cell walls preheated 100° 5 min. 4.7 
Ionic strength T2 r/2 = 0.0012 0.2 
r/2 = 0.16 6.2 
Cofactor require- T, Without tryptophan 0 
ment of T, 50 y pL-tryptophan per ml. 3.9 


All the assay systems run in usual manner (37° incubation temperature for 2 
hours, 0.16 ionic strength) unless specified differently above. Approximate multi- 
plicities (virus to cell wall ratio) in all the experiments exceeded 100. 


cells of £. colt B after infection with T, or T, phage. This leakage was 
inhibited by 0.25 m Mgt*, and the release of non-sedimentable cell wall 
carbon by T, phage is inhibited 70 per cent in the presence of 0.25 m Ca** 
or Mg**. 

The virus T, will not adsorb to EL. coli B without L-tryptophan (9), and 
digestion of sonically prepared cell walls by T, did not occur in the absence 
of tryptophan. 

Location of Viral Tail Enzyme—Fig. 3 shows T, phage after incubation 
with sonically disrupted cell walls at 37° for 30 minutes. Only a few intact 
phages with long tails can be observed. Most of the phage particles have 
short, thickened tails, and a “spike” protrudes from some. The appear- 
ance of these altered virus particles, together with the observation by 
Kellenberger and Arber (10) that similar changes occur in the viral tail 
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structure upon adsorption, suggested that altered T, phage particles are 
enzymatically active. 

Altered T, and T, phage particles were prepared in the following man- 
ner. (a) T. phages were treated with 0.006 Mm Cd(CN),> at 25° for | hour 
(11). ‘Ty phages were treated in a similar manner, except that the solution 
contained 50 of L-tryptophan per ml. and was incubated at 44°. In both 
cases, the tails of the virus particles were about one-half their normal length 
and only a few particles had spikes. The phage particles were centri- 
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| | | | 
20 40 60 80 100 120 140 
MINUTES 
hic. 2. Rate of cell wall digestion at 26° by intact T. phage. The reaction was 
stopped by placing the tube in 96° bath for 4 minutes. The maximal amount of C! 
liberated in this experiment was 2.1 per cent of the total cell wall C"™. 


fuged at 19,000 X g, and the pellet was washed once with water and resus- 
pended in water to its original volume. (b) Ts and ‘Ty virus preparations 
were kept for 12 hours at —20° and then thawed in a water bath at room 
temperature just before addition to the assay system. This treatment, 
inactivated over 99 per cent of the virus. Fig. 4 is an electron micrograph 
of a frozen and thawed Ty, preparation, with barely recognizable phage 
particles with badly damaged heads and short tails. (¢) Ty and Ty phages 
were treated with 3 per cent HO, in 10 per cent ethanol as described by 
Kellenberger and Arber (10). In one experiment, Ts phage was incubated 
for | hour at 37°. In another experiment, Ty phage was incubated for 10 
minutes at 37° and the reaction stopped by the addition of 1 mg. of cata- 
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lase. The altered preparations were centrifuged at 19,000 * g for 2 hours 
in the cold, washed with water, and resuspended in water to their original 
volume. Although essentially all the T. and T, phages are inactivated 
under both conditions, with the shorter incubation most of the virus par- 


Fic. 3 Fic. 4 
hic. 3. An electron micrograph of sonically prepared cell walls after incubation 
with T. phage for 30 minutes at 37°. Magnification 14,500 x. 
hic. 4. An electron micrograph of frozen and thawed T, phage, showing ruptured 
heads and mainly short, spikeless tails. Magnification 24,000 x. 


TaBLe II 
Action of Intact and Altered Ts Phage on Host Cell Walls 


Cell wall carbon released 


Phage preparation Se 
— Incubation Incubation Incubation 


temperature, 37° temperature, temperature, 0 
= 0.16) = 0.0012) = 0.16) 
per cent per cent per cent 
Cd(CN); -treated Ts... 8.9 1.3 5.2 
Frozen and thawed T. 7.6 5.6 7.4 


ticles had intact spikes in the shortened tail, while the longer incubation 
procedure left many spikeless short tailed phage particles (10). 

Enzymatic Activity of Altered Virus Particles—Vable I] shows the re- 
sults of incubating these preparations with C-labeled sonically disrupted 
cell walls under three different conditions, 7.e. 37°, 0.16 ionic strength; 
37°, 0.0012 ionic strength; and 0°, 0.16 ionic strength. T. phage-treated 
with Cd(CN);~> or frozen and thawed, released twice as much non-sedi- 
mentable cell wall carbon as did intact phage, even though the number of 
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plaque-forming viruses was negligible. Furthermore, in solutions of low 
ionic strength, where whole T: particles have only slight activity, they re- 
leased 5 to 20 times as much cell wall carbon as did whole phage under the 
same conditions. The activity of altered phage on cell walls at the low 
temperature was quite different from that of whole phage. The release of 
almost as much C* at 0° as at 37° by Cd(CN)s~ and frozen and thawed T; 
phage was probably owing to the long incubation and temperature rise (to 
10°) during centrifugation. The supernatant fraction of frozen and thawed 
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Fic. 5. Effect of ionic strength on the release of cell wall C™“ by intact 
and Cd(CN);--treated T, phage. The maximal amount of C" liberated in this ex- 
periment was 8.8 per cent of the total cell wall carbon. These results were obtained 
in separate experiments but under identical conditions. 


T2 phage, which contained most of the phage deoxyribonucleic acid and 
presumably at least some of the spikes, did not release C™ from cell walls, 
and the entire activity was in the pellet (short tailed protein coat). 

Fig. 5 illustrates the effect of ionic strength on digestion of cell walls by 
Cd(CN)3--treated and whole particles. The effect of ionic strength 
on adsorption of the virus by cell walls paralleled closely the release of cell 
wall carbon by intact T, phage. With intact virus, an increase in ionic 
strength of only 0.02 differentiated inactivity from complete activity. The 
major difference between intact and altered preparations was the ability 
of the latter to digest cell walls at low ionic strength. 

These experiments demonstrate that short tailed T, phage not only has 
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enzymatic activity but, in the case of the Cd(CN);~ and frozen and thawed 
T. phage, is more active than the intact virus. In the case of T. phage, 
treated with H.O.-ethanol for 1 hour, the preparation had enzymatic ac- 
tivity and released 2 per cent of the cell wall carbon. These results suggest 
that the active enzymatic site on the virus tail is uncovered by altering the 
tail. The remainder of the evidence to be presented supports this concept. 

Exposure of Phage Tail Enzyme by Alteration of Tail—When whole T>2 
and Cd(CN);~-treated T. particles were incubated for 3 hours at room 
temperature in a solution containing 14 per cent ethanol and 0.4 per cent 


TABLE III 
Action of Intact and Altered T, Phage on Cell Walls of E. coli Strains B and B/2 
Cell wall carbon released 
Phage preparation 

E. coli B E. coli B/2 

per cent per cent 
Cd(CN)s--treated Ts................... 4.9 6.7 
Frozen and thawed T,................. 7.6 17.0 


TABLE IV 


Cofactor Requirement for Cell Wall Digestion by 
Intact and Altered T, Bacteriophage 


Cell wall carbon released 
Phage preparation 
DL-Tryptophan, 50 7 per ml. No tryptophan 
: per cent per cent 
Cd(CN);~-treated T,.................. 4.7 4.5 
Frozen and thawed T,................ 5.9 6.4 
Mild H.O:2-ethanol-treated T,......... 0.0 0.0 


NaHCOs, the short tailed phage completely lost its enzymatic activity but 
the intact virus did not. However, whole T, phage treated in this manner 
had lost over 99 per cent of its plaque-forming ability. This implies that 
the enzyme is normally concealed and protected in the intact virus par- 
ticle. 

Cells of the mutant strain EF. colt B/2 cannot be infected by T. phage 
because the bacterial receptor is chemically different and will not adsorb 
the virus. Since the genetic change in the bacterium B/2 is a change in 
the normal T, receptor, it seemed possible that, although the intact virus 
would not digest B/2 cell walls, altered T, phage would be active. Table 
IIT shows this to be true. 
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A similar situation arises in the case of T, phage which will not ad- 
sorb to the host cell without tryptophan (9). Frozen and thawed and 
Cd(CN)3~-treated preparations will digest cell walls in the absence of the 
cofactor (Table IV). However, T, phage treated with H.O,.-ethanol un- 
der mild conditions (10 minutes, 37° incubation; reaction stopped by cata- 
lase) did not digest cell walls in the presence or absence of tryptophan. 

It appears that the tip of the virus tail, which contains a genetically con- 
trolled structure that adsorbs to the bacterial receptor, is unnecessary for 
the action of the virus enzyme on the cell wall and must be removed before 
the enzyme activity can be demonstrated. 


DISCUSSION 


Barrington and Kozloff (2) showed that the enzymatic activity of T. 
phage resides solely in the protein portion of the virus. Since the only 
contact of the protein coat of the intact virus with the bacterial cell wall 
is the tail of the virus, the localization of the viral enzyme is restricted fur- 
ther to the phage tail protein. With the demonstration of Kozloff and 
Henderson (11) and Kellenberger and Arber (10) that the anatomy of the 
T. phage tail is much more complex than previously imagined, localization 
of the enzyme simply to the viral tail becomes inadequate. 

Kozloff and Henderson (11) found that at low temperatures Cd(CN)3— 
alters the tail structure of T, phage at an exceedingly slow rate. Since 
low temperatures greatly inhibit the digestion of cell walls by intact phage 
but not by short tailed T, phage, it would appear that removal of the tail 
tip (presumably by the action of a metal complex (11)) is necessary for 
digestion and that the rate of tail alteration is probably one of the rate- 
limiting factors in the infection process. 

The ability selectively to destroy the enzymatic activity of short tailed 
virus with alecohol-NaHCO;, but not that of intact virus, implies that in 
the intact virus the enzymatic site is protected. The results with F. coli 
mutant B/2 further support this concept. The whole virus must adsorb 
irreversibly before cell wall digestion will occur, but the short tailed phage, 
with its enzymatic site exposed, can digest the mutant cell walls. Finally, 
T, virus, which will not adsorb or digest without tryptophan, releases non- 
sedimentable carbon from cell walls when altered by freezing and thawing 
or Cd(CN)3-. 

Fig. 6 is a schematic diagram which compares the morphology of whole 
T. virus with the short tailed phage. Several lines of evidence suggest 
that the active enzymatic site of the virus is the shortened proximal tail 
tip rather than the spike. Most Cd(CN)3~ and frozen and thawed T, 
phage particles (Fig. 4) have no spikes in the shortened tails. After high 
speed centrifugation of these viruses, lytic activity is entirely in the pellet; 
the supernatant fraction of frozen and thawed T, virus containing the 
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deoxyribonucleic acid and presumably some spikes is inactive. Secondly, 
T> particles treated with H,O2-ethanol under conditions which leave rela- 
tively few spikes were found to be active, while T, particles treated under 
mild conditions so that all the spikes remained intact were enzymatically 


inactive. 
To ALTERED Tp 
j 
DNA 


TAIL TIP 


DISTAL TAIL 
TIP 


Fic. 6. Schematic representation of intact T, and altered T, phage with and with- 
out the tail spike. The enzymatic activity is probably on the proximal tail tip. 


SUMMARY 


Totally C-labeled Escherichia coli B and B/2 cell walls have been ~ 
prepared by sonic disintegration and enzymatic digestion. Whole T, and 
T, bacteriophages liberate about 5 per cent of the total cell wall carbon in © 
a non-sedimentable form. This reaction appears to be enzymatic. 

Short tailed T, and T, preparations have been prepared by treating 
phage with cadmium cyanide complexes, H2O2-ethanol, and by freezing and 
thawing. These altered phage preparations digest cell walls under con- 
ditions qualitatively different for those necessary with intact phage parti- 
cles. Furthermore, T2 phage, altered by freezing and thawing and by the 
action of cadmium cyanide complexes, will digest cell walls of the mutant — 
E. coli B/2, which is completely resistant to the intact virus. Frozen and 


thawed and Cd(CN)3--treated T, preparations readily digest host cell © 
walls in the absence of the cofactor tryptophan needed for digestion by the 
whole T, phage. 3 

Evidence has been presented which suggests that the enzymatic site | 
is on the proximal portion of the virus tail which is exposed when the tip © 
of the virus tail is removed. 
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THE ENZYMATIC REDUCTION OF A*-3-KETOSTEROIDS 


Bry GORDON M. TOMKINS 
WITH THE TECHNICAL ASSISTANCE OF PaTRIcIA J. MICHAEL 


(From the National Institute of Arthritis and Metabolic Diseases, 
National Institutes of Health, Bethesda, Maryland) 


(Received for publication, June 18, 1956) 


Many previous studies (1) have indicated that a,@-unsaturated 3-keto- 
steroids are metabolized primarily by reductive reactions involving ring A. 
First, the double bond and then the carbonyl group are reduced, resulting 
in so called ‘“‘tetrahydro” steroids. An earlier report from this laboratory 
(2) described an extract of rat liver which catalyzed both of these processes. 
The partial purification of the enzyme responsible for the second of these, 
i.e. the reversible reduction of the 3-keto group, was published previously 
(3). The present communication is concerned with the initial step in the 
sequence in which the 4,5 double bond of ring A is irreversibly hydrogen- 
ated by reduced pyridine nucleotide. 


Materials and Methods 


Substrates—All the steroids employed as substrates were chromato- 
graphically pure. They were dissolved in 10 per cent methanol-water as 
described earlier (3), and the concentration was determined by measuring 
the optical density of the resulting solutions in the spectrophotometer at 
240 mu, where the a,B-unsaturated 3-ketosteroids display an absorption 
maximum. 

Coenzymes and Enzymes—DPNt,} TPN*+, DPNH, TPNH, and FAD, all 
approximately 90 per cent pure, were obtained from the Sigma Chemical 
Company. TPNH was also prepared by the reduction of TPN with 
hydrosulfite, described by Kaplan et al. (4), and PCMB sulfonate was also 
obtained from the Sigma Chemical Company. dl-Isocitric acid was a 
product of the Nutritional Biochemicals Corporation, and 2’-adenylic acid 
was purchased from the Schwarz Laboratories, Inc. 

DPN* and TPN? concentrations were determined in the spectrophotom- 
eter after reduction by glucose with purified glucose dehydrogenase (5). 
The reduced pyridine nucleotides were also determined spectrophotometri- 


1 The abbreviations used in this communication are DPN*t and DPNH, oxidized 
and reduced diphosphopyridine nucleotides, respectively; TPN*+ and TPNH, oxi- 
dized and reduced triphosphopyridine nucleotides, respectively; Tris, tris(hydroxy- 
methyl)aminomethane; EDTA, ethylenediaminetetraacetic acid; FAD, flavin ade- 
nine dinucleotide; and PCMB sulfonate, p-chloromercuribenzene sulfonate. 
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cally by oxidation with an excess of pyruvate in the presence of crystalline 
lactic dehydrogenase. The molar absorbancy of DPNH and TPNH at 
340 my was taken as 6.22 X 10° liters per mole cm. (6). 

Crude isocitric dehydrogenase was prepared by extracting pig heart ace- 
tone powder with 10 volumes of 0.1 m sodium phosphate buffer, pH 7.0, 
for 30 minutes. The extract was centrifuged for 10 minutes and the su- 
pernatant fluid used as such. When greater purification was desired, the 
extract was treated with solid ammonium sulfate, and the protein precipi- 
tating between 50 and 60 per cent saturation was redissolved in distilled 
water for use (7). 

3a-Hydroxysteroid dehydrogenase was prepared from rat liver as de- 
scribed earlier (3). 

Steroids were chromatographed on Whatman No. 1 filter paper with 
modifications of the solvent systems described by Bush (8). a,§-unsatu- 
rated 3-ketosteroids were detected on paper under ultraviolet light as spots 
which quenched the background fluorescence. Saturated reducing ster- 
oids were located by spraying the paper with blue tetrazolium (9). 

Enzyme Assay—Steroid reductase activity was ascertained by observing 
the decrease in optical density at 240 my which occurred when the A‘-3- 
ketone of the substrate was reduced. The measurements were made di- 
rectly on methylene chloride extracts of the reaction mixture as follows: 
Enzyme, substrate, buffer, and reduced pyridine nucleotide were added to 
a glass-stoppered centrifuge tube. The reduced pyridine nucleotide was 
either added directly to the mixture or formed during the reaction by the 
addition of an enzymatic generating system, 2.e. glucose and glucose de- 
hydrogenase or isocitrate and isocitric dehydrogenase. The components 
were mixed thoroughly and a suitable aliquot was removed immediately 
and pipetted into 4 ml. of methylene chloride (reagent grade) in another 
glass-stoppered tube. The contents of this tube were shaken vigorously 
for about 30 seconds, which quantitatively extracted the steroid into the 
organic solvent. 

The tube containing the remaining reaction mixture was stoppered and 
incubated at 37° for an appropriate period, usually 20 minutes, when 
another aliquot was extracted with methylene chloride. The extracted 
aliquots were centrifuged and, after the aqueous phase and the coagulated 
protein were removed, the optical density of the solvent phase at 240 mu 
was determined. The difference between the initial and the 20 minute 
reading represented the amount of substrate which had disappeared. An 
enzyme preparation was defined as having 1 unit of activity if it caused a 
density change of 0.001 in 20 minutes. 

The rate of substrate disappearance was found to be constant for at 
least 30 minutes under these conditions, so that the 20 minute value was 
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representative of the initial reaction rate. This rate was directly propor- 
tional to the amount of enzyme employed in the assay over a relatively 
wide range (Fig. 1). Specific activity was defined as units per mg. of pro- 
tein, and protein was determined by the method of Warburg and Chris- 
tian (10). 


450 T T T T T T 


400 


350 F 


VELOCITY . 


mg PROTEIN 


Fic. 1. Reaction rate as a function of enzyme concentration. The reaction mix- 
ture contained cortisone 0.14 umole, acetate buffer, pH 5.6, 10 umoles, TPNH 0.2 umole, 
and enzyme in a total volume of 1 ml. 20 minute incubation at 37°. The ordinate 
is calibrated in units per 20 minutes. 


Results 


Enzyme Source—Extracts of acetone powders which had been prepared 
from livers of various species were assayed for steroid reductase activity 
with cortisone as substrate. Preparations from beef, hog, guinea pig, rab- 
bit, pigeon, and rat livers showed readily detectable levels of enzyme. 
Rat liver had the highest initial specific activity and therefore was used 
for purification studies. The other organs tested in the rat, z.e. muscle, 
brain, spleen, kidney, adrenal, plasma, and whole blood, showed little or 
no activity. 

Preliminary Purification—Young male rats were killed by decapitation, 
and their livers were quickly excised, chilled, and weighed. The livers were 
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homogenized for 30 seconds with 2 volumes of ice-cold 0.1 m phosphate 
buffer at pH 7 in a Waring blendor run at half speed. All subsequent 
operations were performed at 0-3°. The homogenate was centrifuged at 
10,000 X g for 10 minutes, and the supernatant layer was decanted and its 
volume measured. An equal volume of a chilled, saturated, neutralized 
ammonium sulfate solution was added while the mixture was stirred, to 
make the final ammonium sulfate concentration 50 per cent of saturation. 
After 20 minutes, the resulting precipitate was centrifuged at 10,000 X* g 
for 10 minutes and discarded, since it contained no appreciable enzymatic 


TABLE I 
Steroids Metabolized by 50 to 70 Per Cent Ammonium Sulfate Fraction 
The reaction mixture contained substrate, 0.14 umole; TPN, 0.2 umole; Tris buf- 
fer, pH 7.0, 10 umoles; and a TPNH -generating system consisting of either 10 ,moles 
of glucose and a glucose dehydrogenase preparation or 10 wmoles of pL-isocitrate, 5 
umoles of MgClo, and an extract containing isocitric dehydrogenase. Final volume 
1 ml. Incubated 20 minutes at 37°. 


Steroids Steroids 
Substrate metab- Substrate metab- 
olized olized 
umole pmole 
Cortisone 0.12 | Testosterone 0.14 
Cortisol 0.10 | Adrenosterone 0.14 
Deoxycorticosterone 0.12 | Cholestenone 0.13 
Compound B 0.10 | 9a-Fluorocortisol 0.10 
0.14 | 2-Methylcortisone 0.12 
Aldosterone 0.11 | 2-Methyl-118-hydroxyproges- 0.09 
Progesterone 0.09 terone 
11-Ketoprogesterone 0.10 | 2-Methyl-9a-fluorocortisol 0.09 
17-Hydroxyprogesterone 0.11 | 2-Methylcortisol 0 


activity. The supernatant solution was made 70 per cent saturated with 
ammonium sulfate by the further addition of the saturated solution. The 
precipitate was collected by centrifugation as above and was redissolved in 
a small volume of distilled water. The resulting solution was dialyzed 
against 4 liters of distilled water for 4 hours. This dialyzed 50 to 70 per 
cent fraction was used for the initial studies of steroid reduction. It was 
stable for weeks in the frozen state and contained considerable 3a-hydroxy- 
steroid dehydrogenase activity, as well as the steroid reductase enzymes. 

Substrates Reduced—Table I shows the large variety of a,8-unsaturated 
3-ketosteroids reduced by this preparation in the presence of TPNH. In 
each case the course of the reaction was followed by observing the fall in 
the ultraviolet absorption of the substrate at 240 my. All the naturally 
occurring Cis, Cai, and Cz; steroids tested were attacked, as were all but 
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one of the synthetic substrates, 7.e. 2-methylhydrocortisone. The rates 
of reduction of the various compounds were quite similar, although the 
ratio of activities with several substrates varied somewhat from prepara- 
tion to preparation. 

Pyridine Nucleotide Requirements—Several representative steroids were 
tested with TPNH and with DPNH, generated under identical conditions 
with glucose and purified glucose dehydrogenase. From Table II, which 
shows the results of these experiments, it may be seen that cortisone was 
reduced only in the presence of TPNH, although some substrates were 
able to react in varying degree with DPNH. 


TABLE II 
Pyridine Nucleotide Requirement for Steroid Reduction 
The reaction mixture contained substrate, 0.14 umole; 50 to 70 per cent ammonium 
sulfate fraction; TPN or DPN, 0.2 umole; Tris buffer, pH 7, 10 umoles; glucose, 10 


umoles; glucose dehydrogenase, 1 mg. Final volume, 1 ml. Incubated 20 minutes 
at 37°. 


Relative activity with 
Substrate 

DPNH TPNH 
Deoxycorticosterone............ 44 80 
Adrenosterone.................. 8 | 100 


Further Purification—Because of the large number of substrates metabo- 
lized by the 50 to 70 per cent ammonium sulfate fraction, it was of interest 
to determine whether the same enzyme, or a number of separate enzymes, 
was responsible for the reduction. From the outset, several observations 
suggested that more than a single protein was involved. It was noted that 
there was considerable variation in the ratio of activities with different 
substrates from one preparation to another. Furthermore, the difference 
in the reduced pyridine nucleotide requirement, depending on which sub- 
strate was reduced, suggested the activity of more than one enzyme. In 
order to investigate this point further, additional purification was under- 
taken with cortisone as the substrate. 

The pH of the 50 to 70 per cent ammonium sulfate fraction was adjusted 
to 6 with 10 per cent acetic acid, and any precipitate which formed was 
centrifuged and discarded. Calcium phosphate gel (11), aged 2 years, 
was next added to adsorb non-enzyme protein. This was accomplished 
by gradual increments since the amount of gel required for maximal puri- 
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fication in this step was quite variable. A volume of gel containing solids 
equal to the total weight of the protein to be purified was centrifuged, and 
the supernatant layer was discarded. The enzyme solution was added to 
the sedimented gel, and the gel was resuspended. ‘The mixture was al- 
lowed to stand for 30 minutes and centrifuged. The supernatant fluid 
was assayed for protein and enzyme activity and, if no decrease in the latter 
occurred, the solution was treated with more gel in the same way. This 
process was continued until there was a maximal adsorption of inert protein 
and only about 10 per cent of the activity had been taken up by the gel. 
The mixture was centrifuged and the supernatant solution which contained 
most of the enzyme analyzed. This step resulted in a 3- to 6-fold purifica- 
tion over the product obtained by fractionation with ammonium sulfate. 

The enzyme contained in the supernatant solution was adsorbed by the 
calcium phosphate gel. Gel was added gradually as previously described, 
until no activity was detected in the supernatant protein solution. The gel 


TaBLe III 
Summary of Enzyme Purification 


Fraction Volume Total units =. 

ml. 
50-70% ammonium sulfate..................... 25 34,375 5.8 
25 34,375 27.6 
2nd ammonium sulfate ppt. (60-70%)........... 10 5,000 105.0 


fractions on which the enzyme was adsorbed were combined and eluted 
repeatedly with cold 0.01 m sodium phosphate buffer, pH 7.4. The volume 
of buffer used each time was about one-fifth the volume of the original 
enzyme solution which was treated with the gel. Each eluate was assayed 
for activity, and the active fractions were combined. ‘The yield from this 
procedure was 30 to 90 per cent with a 2- to 3-fold purification over the 
preceding step. The enzyme was then precipitated by the addition of 
saturated neutral ammonium sulfate to give a saturation of between 60 
and 70 per cent. The precipitate was resuspended in distilled water. 
Table III summarizes the purification procedure. 

The gel eluate was colorless and virtually free from 3a-hydroxysteroid 
dehydrogenase activity. It was quite unstable at 3° and lost all its ac- 
tivity in 24 hours at that temperature. At —10°, it could be stored for 
2to3 days. EDTA, glutathione, substrate, or TPNH stabilized the puri- 
fied enzyme somewhat, but their effects were variable. Bovine serum al- 
bumin provided maximal stabilization for longer periods.’ 


2 Some activity with regard to steroid reduction has been reported for bovine al- 
bumin (12). The preparation used here had no measurable activity in our assay. 
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Effect of pH—With the purified enzyme, the rate of cortisone reduction 
was studied as a function of pH. Fig. 2 shows that, under these assay 
conditions, the velocity was maximal on the acid side of neutrality. When 
the following buffers at comparable pH values were substituted for those 
illustrated in Fig. 2, the reaction velocities were unchanged: citrate for 
acetate, phosphate for Tris, Veronal or borate for glycine. 

Affinity for Substrate and Cofactor—The relation of reaction velocity to 
substrate and TPNH concentrations is shown in Fig. 3, A and B. The 
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Fic. 2. Effect of pH on cortisone reduction. The reaction conditions were as de- 
scribed in Fig. 1, except that the buffers were varied. The ordinate is calibrated in 
units per 20 minutes. @, Tris; A, glycine; and @, acetate. 


K,, for cortisone was calculated to be 3.4 * 10-5 m, and that for TPNH 
1.4 X 107°. 

Inhibitors—Steroid reduction was completely inhibited by 0.002 m 
PCMB sulfonate, but, in the presence of 0.01 m glutathione, the same con- 
centration of inhibitor produced only a 50 per cent inhibition in the re- 
action rate. Several other reagents traditionally used to inactivate sulfhy- 
dryl enzymes, 1.e. iodoacetate and N-ethyl-maleimide, were without effect. 

Because cortisone reduction appeared to require TPNH as an electron 
donor, and because of the finding of Neufeld et al. (13) that TPN-linked 
dehydrogenases were inhibited by 2’-adenylic acid, the purified enzyme 
was assayed after preincubation with 0.001 m adenylic acid. No inhibition 
was observed under these conditions, however. 

Substrate Specificity—The purified enzyme displayed a remarkable sub- 
strate specificity in view of the large number of substrates reduced by the 
crude ammonium sulfate fraction. Under conditions whereby cortisone 
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was readily reduced, several closely related steroids, e.g. cortisol, 2-methy]- 
cortisone, A*-pregnene-17a,21-diol-3 ,20-dione (Compound 8), and 11-keto- 


250 /\ 
200 + 
50 + 
e 
CORTISONE CONCENTRATION (MX1I05) 
T T T T T T T T T 
B 
200 
| 
50 + 
2 3 4 5 6 7 8 9 10 ‘ 
TPNH CONCENTRATION (M X10°) 
Fic. 3. A, effect of cortisone concentration on reaction rate. B, effect of TPNH 


concentration on reaction rate. Reaction conditions were essentially those described 4 
in Fig. 1, except that the enzyme concentration remained constant and either sub- ~ 
strate or TPNH concentration was varied, as described. The ordinates are cali- | 
brated in units per 20 minutes. re 


progesterone, were not. Apparently the enzyme must interact not only — 
with ring A, but ring C and the side chain as well. 

Flavin—Since the direct reduction of a double bond by reduced pyridine 
nucleotide is an uncommon biochemical mechanism, evidence for the neces- 
sity of an intermediate electron carrier, 7.e. a flavin, was sought. The ad- 
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dition of FAD did not stimulate the reaction rate with the purified enzyme, 
and reagents which might conceivably inhibit a flavin-catalyzed reaction 
(i.e. atabrine 10-? M, methylene blue 10-* m, and cytochrome c 10-* m) 
were without effect. Dithionite, which is capable of reducing enzyme- 
bound flavins (14), was unable to substitute for TPNH as a hydrogen 
donor. The presence of a flavin component was, therefore, not demon- 
strable under these conditions. 

Product of Cortisone Reduction—1 umole of cortisone and 2 ymoles of 
TPNH were incubated with the purified enzyme and acetate buffer, pH 
5.6, at 37° for 1 hour, after which the mixture was extracted with methylene 
chloride. A portion of the extract was reduced in volume and subjected 
to descending paper chromatography with solvent systems consisting of 


TABLE IV 
TPNH Utilization during Cortisone Reduction 


The experiments were carried out in 1 cm. quartz cuvettes having a 1.5 ml. capac- 
ity. The reaction mixture consisted of enzyme; acetate buffer, pH 5.6, 1 umole; 
TPNH, 0.1 umole; and substrate, 0.11 wmole, in a total volume of 1 ml. Control 
cuvettes containing all the above components, except either enzyme or substrate, 
were run simultaneously. The progress of TPNH oxidation was followed at 340 
my in the spectrophotometer at room temperature. At the end of the reaction, ali- 
quots of the cuvette contents were extracted with methylene chloride, and the dis- 
appearance of substrate was determined as described under ‘‘Materials and meth- 
ods.”’ 


Experiment No. TPNH oxidized Cortisone metabolized 
pmole pmole 
1 0.025 0.029 
2 0.019 0.024 


either benzene, methanol, and water or benzene, cyclohexane, methanol, 
and water (8). After their development, the chromatograms were exam- 
ined under ultraviolet light and then sprayed with the blue tetrazolium re- 
agent. Aside from unchanged substrate, no ultraviolet quenching spot was 
observed. However, a new tetrazolium-positive area, less polar than the 
substrate, appeared. Its mobility in both systems was identical with that 
of dihydrocortisone (pregnane-17a ,21-diol-3,11,20-trione). Sulfuric acid 
chromogens (15) prepared from the unknown spot after its elution, and 
from authentic dihydrocortisone, were likewise identical. Another por- 
tion of the cortisone reduction product was incubated with DPNH in the 
presence of purified 3a-hydroxysteroid dehydrogenase from liver (3). This 
enzyme catalyzes the interconversion of ring A-saturated 3-keto- and 3a- 
hydroxysteroids but is inactive with a,§-unsaturated 3-ketones. Either 
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DPNH or TPNH can function as hydrogen donor. The resulting steroid 
had chromatographic behavior and a sulfuric acid chromogen identical 
with those of authentic tetrahydrocortisone (pregnane-3a, 17a,21-triol- 
11,20-dione). These findings indicated that cortisone was reduced origi- 
nally to pregnane-17a,21-diol-3 , 11 ,20-trione. 

Stoichtometry—Measurements of the disappearance of both TPNH and 
substrate in the same experiment were carried out, and the results (Table 
IV) indicate that approximately 1 mole of TPNH was utilized per mole of 
substrate metabolized. 

Reverstbility—The incubation of TPN and dihydrocortisone with the 
enzyme at from pH 6 to 10 produced no reaction products detectable by 
chromatography. Furthermore, no reversal could be demonstrated, even 
in the presence of a system capable of regenerating TPN from TPNH, 
e.g. TPN-cytochrome c reductase, cytochrome c, cytochrome oxidase, and 
oxygen. ‘Thus, the cortisone-dihydrocortisone system appeared to have 
an exceptionally high /’o for a pyridine nucleotide-linked reaction. 


DISCUSSION 


The existence of an enzymatic system for steroid reduction at the 4,5 
double bond has been inferred for some time, since it is known that the 
whole organism is readily able to perform such an operation. <A study of 
the purified enzyme, however, has permitted conclusions which could not 
be derived from a more complicated system. 

One of the most interesting features of this process was the degree of sub- 
strate specificity which the enzyme displayed. The fact that the crude 
ammonium sulfate fraction was capable of reducing a large number of 
steroids and that a more highly purified preparation was active only with 
cortisone, of all the a,8-unsaturated steroids tested, suggests that there 
may be many enzymes of the same type in the 50 to 70 per cent fraction, 
each with its own specific substrate requirements. It was also apparent 
that the enzyme must interact with several widely scattered sites on the 
substrate molecule, 7.e. the double bond, the 1 and 2 positions of ring A, 
carbon 11, and the side chain, and suggests a rather close fit for the enzyme- 
substrate compound. 

The requirement for TPNH, rather than DPNH, as a hydrogen donor 
was evidently true only for cortisone (Table II). The failure of 2’-adenylic 
acid to inhibit cortisone reduction may be taken as an indication that 
DPNH may react even there, but at a much slower rate than TPNH, if 
the conclusions of Neufeld et al. (13) are subsequently borne out. 

Upon hydrogenation of the double bond, the 5-carbon becomes asym- 
metric and, therefore, two possible isomers could result. The enzymatic 
reaction described here produces the A/B cis configuration which, inci- 
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dentally, is the configuration of the principal product when a,@-unsatu- 
rated steroids are reduced chemically by catalytic hydrogenation. This 
finding is rationalized by a conformational analysis of this reaction by 
Hadler (16). On the other hand, the A/B trans isomer has been found, 
as the product of an enzymatic reaction described by Forchielli et al. (17). 
No information concerning this mechanism is available at the present time, 
however. 

The fact that the equilibrium position of the reaction was far in the di- 
rection of cortisone reduction might be explained by the stereochemical 
differences between substrate and product. In the a,§-unsaturated mole- 
cule, the area around carbons 4 and 5 is planar, whereas in the “‘dihydro”’ 
compound this is not the case. If the interaction between steroid and 
enzyme required such a planar region in the substrate, the affinity of the 
protein for dihydrocortisone would be low, and therefore, in accordance 
with the expression relating the Michaelis and equilibrium constants (18), 
the reduced product would predominate. 


SUMMARY 


1. The enzymatic reduction of a variety of a,8-unsaturated 3-keto- 
steroids to saturated 3-ketosteroids was investigated, partially purified liver 
extracts being used. 

2. Reduced pyridine nucleotides were found to act as hydrogen donors. 

3. The enzyme which reduced cortisone was purified further and was found 
to be inert towards other closely related substrates. 

4. Some of the properties of this enzyme were studied further. 
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THE IDENTIFICATION OF CORTICOSTERONE IN HUMAN 
PLASMA AND ITS ASSAY BY ISOTOPE DILUTION 


By RALPH EE. PETERSON 


(From the National Institute of Arthritis and Metabolic Diseases, 
National Institutes of Health, Bethesda, Maryland) 


(Received for publication, June 29, 1956) 


Corticosterone has been demonstrated in human adrenal perfusates (1), 
and in adrenal venous blood obtained by cannulation of the adrenal vein 
immediately prior to adrenalectomy (2). Several investigators (Morris 
and Williams (3), Bush and Sandberg (4), Weichselbaum and Margraf 
(5), and Sweat (1)) have reported the presence of corticosterone or “‘corti- 
costerone-like”’ substances in the peripheral blood in man. Morris and 
Williams (3) and Weichselbaum and Margraf (5) used relatively non-selec- 
tive methods of measurement. The former used a polarographic measure- 
ment, and the latter a colorimetric assay. Bush and Sandberg (4) carried 
out an extensive purification of the plasma extracts; however, because of 
the small quantities of corticosterone present, they were not able to make 
more than an approximate estimate of the quantity of corticosterone, or to 
give rigorous proof of the presence of corticosterone. Sweat (1, 6) used 
relatively small quantities of plasma, a column chromatographic purifica- 
tion, and a fluorescence assay (7) that afforded great sensitivity and con- 
siderable selectivity. Among these groups of investigators, widely vari- 
able concentrations of plasma corticosterone have been reported. ‘These 
variable results indicate either a lack of specificity of the methods or in- 
adequate recoveries of corticosterone. None of these reports contains suf- 
ficient data regarding proof of specificity of the methods for determining 
corticosterone in plasma extracts. 

In this paper a rigorous proof of both the presence and the identity of 
corticosterone in human peripheral plasma is presented. Also, a method 
has been developed for the quantitative estimation of corticosterone based 
on the principle of isotope dilution (8). The method offers a special ad- 
vantage in that it is possible to carry out an extensive purification of the 
plasma extract without concern about minor losses of steroid. Because of 
this purification and, in addition, the use of a fluorometric method of assay 
on a relatively pure product, a considerable degree of specificity and sensi- 
tivity is obtained. 


Method 


Reagents. Extraction solvent (1 part by volume of carbon tetrachloride and 1 
part by volume of dichloromethane). Both of these solvents are separately 
25 
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purified by passage through a bed of silica gel (average 100 mesh) in a 
7 X 125 cm. column (9). The effectiveness of purification of each solvent 
is determined by shaking 10 ml. with 1 ml. of the sulfuric acid-ethanol re- 
agent (see below). With purified solvents, no color should develop in the 
sulfuric acid-ethanol reagent. 

Ethanol. This is purified by adding 7 gm. of silver nitrate and 15 gm. 
of potassium hydroxide, separately (each dissolved in 100 ml. of hot etha- 
nol) to 4 liters of absolute ethanol. These are mixed, allowed to stand 
overnight, and then distilled, a Vigreux column being used. The first 700 
ml. and the last 200 ml. portions are discarded. On addition of the etha- 
nol to the sulfuric acid (see below), no color should develop. 

Sulfuric acid-ethanol reagent. 65 parts of cold reagent grade sulfuric 
acid are added to 35 parts of cold redistilled ethanol. The acid should be 
added cautiously, and the flask kept cool during the addition. This re- 
agent, which should be colorless, will keep for many months. 

Procedure—A known quantity (30 to 40 ml.) of heparinized plasma is 
added to a 100 to 125 ml. ground glass-stoppered reagent bottle or round- 
bottomed centrifuge tube. A known quantity of corticosterone-4-C" (0.3 
to 0.4 +, specific activity 4400 c.p.m. per microgram)! is added in a small 
volume of 50 per cent aqueous ethanol (0.05 to 0.1 ml.) and mixed well 
with the plasma. 

2 to 2.5 volumes of the extracting solvent are added, and the mixture is 
shaken for 15 to 20 seconds. The mixture is centrifuged and the top 
plasma layer removed by aspiration. 5 ml. of 0.01 n NaOH are added to 
the solvent extract, and the mixture is shaken for 10 to 15 seconds. The 
alkali layer is removed by aspiration. The solvent is next washed with 5 
ml. of 0.02 m acetic acid and finally with 5 ml. of water, the aqueous layers 
being removed by aspiration. 

The solvent is evaporated to dryness at a temperature of 40—45°, with 
the aid of a stream of nitrogen or in vacuo. The residue is dissolved in di- 
chloromethane, the solution transferred to a small test tube, and evapo- 
rated to a small volume. This dichloromethane extract is transferred to 
a small spot on Whatman No. | filter paper (16 XK 55 cm.) that has been 
previously washed with reagent grade methanol for at least 10 days in a 
large chromatography cabinet (Chromatocab).2 The filter paper is kept 
in the Chromatocab until ready for use. A reference standard containing 
5 to 10 y of corticosterone is run on the same filter paper strip, which is 
equilibrated at room temperature for an hour or more in a modified Bush 
type (10) descending paper chromatographic system (cyclohexane-ben- | 


1 Corticosterone-4-C"™, specific activity 1.47 mc. per mmole, was made available 
through the Endocrine Study Section of the National Institutes of Health. 
2 “Chromatocab,’’ Research Equipment Corporation, Oakland, California. 
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zene-methanol-water ,4:4:2:1). After the equilibration, the chromatogram 
is developed for 8 to 12 hours at room temperature. At the end of the 
development period, the chromatogram is removed and dried in air, and 
the corticosterone standard (running approximately 20 cm. in 8 hours) 
located with an ultraviolet lamp. With corticosterone standards, it has 
been shown that the steroid runs at the same rate (+2 per cent) if placed 
in separate spots across the width of the paper. 

A small transverse band of paper (15 X 30 mm.), lying laterally to the 
corticosterone standard and containing the plasma corticosterone, is cut 
out. The band is cut as narrow as possible and perpendicular to the run- 
ning direction of the solvent. The steroid is eluted from the paper strip 
with 3 ml. of cold redistilled 95 per cent ethanol added dropwise from a 10 
ml. syringe fitted with a No. 24 gauge needle. ‘The eluate is evaporated to 
dryness with a stream of nitrogen. ‘The residue is dissolved in approxi- 
mately 6.5 ml. of purified dichloromethane, and one 2 ml. aliquot is taken 
for radioactivity assay and a 4 ml. aliquot transferred to a 10 ml. ground 
glass-stoppered conical test tube for analysis by fluorescence. 

The aliquot for C™ assay is evaporated to dryness, the residue dissolved 
in methanol and transferred quantitatively to a stainless steel planchet 
(surface area, 1.6 sq. cm.; depth, 0.6 cm.), and the methanol evaporated to 
dryness on a rotating platform with the aid of a stream of air and an infra- 
red lamp. The samples are counted in a Robinson gas flow detector (11) 
to within an error of +2 per cent. This detector connected to a Nuclear 
model No. 172 sealer gives a background of 3 to 4 ¢.p.m., with an efficiency 
for C™ of about 53 per cent at infinite thinness. All counting results are 
corrected for instrument variation by reference to a barium carbonate-C™ 
standard. 

The other dichloromethane aliquot is assayed for fluorescence by a modi- 
fication of the method of Sweat (6). 1 ml. of a reagent containing 65 parts 
by volume of concentrated sulfuric acid and 35 parts by volume of redis- 
tilled ethanol is added rapidly to the dichloromethane, and the steroid 
extracted immediately into the acid phase by vigorous shaking. The di- 
chloromethane (upper) layer is removed by aspiration. After it has stood 
for from 2 to 4 hours, the acid phase is transferred to a 1 cm. diameter 
Pyrex cuvette and the fluorescence measured in a Farrand fluorometer, 
the following filter combinations being used: primary filter, 470 my and 
No. 5113 Corning glass filter; secondary filters, 540 my interference and 
No. 3486 Corning glass filter. 

Standards containing 0.20 and 0.40 y of corticosterone are read with the 
unknowns. A linear relationship exists between the fluorescence intensity 
and concentrations of corticosterone from 0.01 to 1.0 y per ml. Concen- 
trations below 0.01 y per ml. give poor precision. ‘The plasma samples and 
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corticosterone standards are read against a dichloromethane reagent blank. 
Filter paper blanks are also run, but, with concentrations of corticosterone 
of 0.5 y per ml. or more in the sulfuric acid reagent, the fluorescence con- 
tribution of the blank is negligible. 

The specific activity of the plasma corticosterone, expressed as counts 
per minute per microgram, is then calculated from the radioactivity value 
and the corticosterone value as determined by fluorescence assay. From 
the specific activity value (J) and a knowledge of the quantity (a) and 
specific activity (I’) of the added tracer, the quantity of corticosterone (A) 
in the sample of plasma is calculated (8) thus: 


EXPERIMENTAL 


Evaluation of Various Factors Relating to Specificity of 
Isotope Dilution Procedure 


Proof of Presence and Purity of Corticosterone in Eluate from Paper 
Chromatogram of Plasma Extract; Migration Rate on Chromatogram—6 
liters of pooled normal plasma were extracted with a total of 15 liters of 
the carbon tetrachloride-dichloromethane solvent. The solvent layer was 
separated by centrifugation and concentrated in vacuo to a volume of 
about 1 liter. The extract was washed successively with 0.1 volume of 
0.01 n NaOH, 0.01 o acetic acid, and water, and then evaporated to dry- 
ness in vacuo. The residue was dissolved in 30 ml. of the carbon tetra- 
chloride-dichloromethane solvent, and 15 ml. aliquots passed onto 2.5 gm. 
of 60 to 100 mesh Florisil (Floridin Company, Warren, Pennsylvania) in © 
two separate columns, 1 cm. in diameter. After an additional 30 ml. of | 
the carbon tetrachloride-dichloromethane were run through the columns, 


the columns were next washed with 30 ml. of the carbon tetrachloride-di- — 


chloromethane containing 2 per cent by volume of ethanol in order to re- : 
move certain lipide impurities. These eluates were discarded, and the ~ 


corticosterone was eluted from the columns with 30 ml. of the carbon tetra- — 


chloride-dichloromethane containing 20 per cent by volume of ethanol. 
These eluates were combined and evaporated to dryness under nitrogen at 
40-45°. 

One-half of this residue (A) was dissolved in a small volume of dichloro- ~ 
methane and placed as a thin line on a long strip (19 X 55 cm.) of filter — 
paper. The other half of the residue (B) was mixed with 5 y of authentic ~ 


corticosterone and transferred to a separate paper strip. 10 y of corti- — 


costerone (C) were used as a reference standard for each paper. The 
chromatograms were run for 16 hours in the cyclohexane-benzene-metha- 
nol-water system. The area of the paper containing the plasma corti- 
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costerone was cut out and the steroid eluted with ethanol. These eluates 
(A, B, C) were then chromatographed in separate spots on a single strip of 
paper in the same solvent system for 8 hours. Three single spots migrat- 
ing at the rate of corticosterone were seen on examination with ultraviolet 
light. ‘The chromatogram was sprayed with blue tetrazolium in 2 N NaOH, 
and again three single spots, characteristic of steroids with an a-ketol side 
chain, were found. Also, after drying, the same three spots gave the yellow 
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CORTICOSTERONE AND PLASMA STEROID ELUTED 
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Fig. 1. Steroids incubated in sulfuric acid reagent for 2 hours 

fluorescence in ultraviolet light characteristic of A‘-3-ketosteroids (4). 

Sulfuric Acid Absorption Spectra—3 liters of normal pooled plasma were 
extracted and purified by column chromatography and paper chromatog- 
raphy, as described above. The eluate from the second chromatogram 
which contained the steroid migrating at the same rate as authentic corti- 
costerone was evaporated to dryness and treated with sulfuric acid accord- 
ing to the method of Zaffaroni (12), except that only 0.3 ml. of acid was 
used, and the readings were made in microcells in the Beckman DK re- 
cording spectrophotometer against a filter paper blank treated in the same 
manner (Fig. 1). 
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Fluorescence Spectra—Fig. 2 shows the spectral curves of fluorescence 
(activating and emitting energies) of authentic corticosterone and the 
substance which runs at the same rate as corticosterone and is eluted from 
paper after chromatography of a plasma extract from 50 ml. of normal 
plasma by the procedure described under “Method.” Fig. 3 shows the 
fluorescence intensities of authentic corticosterone and the substance pres- 
ent in the chromatogram eluate from an extract of 50 ml. of normal plasma 
as they vary with time in different concentrations of sulfuric acid and etha- 


FLUORESCENCE SPECTRAL CHARACTERISTICS OF 
CORTICOSTERONE AND PLASMA STEROID ELUTED 
FROM PAPER CHROMATOGRAM 
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Fic. 2. Spectra determined with Bowman fluorospectrophotometer in reagent 
containing 65 parts of sulfuric acid and 35 parts of ethanol. 


nol. No other steroids have been found that fluoresce under these condi- 
tions and also give the same curves. Paper strips (15 X 30 mm.) from 
immediately above and below the plasma corticosterone area do not con- 
tain any substances that fluoresce under these conditions. 

Constancy of Specific Activity—10 y of corticosterone-4-C" were added 
to 1.5 liters of pooled plasma and extracted and purified by column chro- 
matography and paper chromatography, as described above. The steroid 
which migrated on the second chromatogram at the same rate as authentic 
corticosterone was eluted with ethanol. Approximately one-fifth of this 
eluate was used for fluorescence, alkaline blue tetrazolium (micromethod 
test), and C“ assay. Approximately two-fifths was acetylated in the usual 
manner with pyridine and acetic anhydride, and the acetate was chroma- 
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tographed in the cyclohexane-benzene-methanol-water system for 8 hours. 
The material running as corticosterone acetate was eluted and portions 
of the eluate again assayed by the fluorescence, blue tetrazolium, and C™ 
counting methods. The remaining two-fifths of the eluate was enzymati- 


FLUORESCENCE CHARACTERISTICS OF CORTICOSTERONE AND 
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TIME IN HOURS 
Fic. 3. Curves of fluorescence of corticosterone in sulfuric acid reagent 


TABLE I 
Specific Activities of Corticosterone after Elution from Paper Chromatogram 
Fluorescence Blue tetrazolium 
C.p.m. per y C.p.m. perry 
Corticosterone.................. 2200 2330 
™ acetate.......... 2320 2400 
Tetrahydrocorticosterone....... 2460 


cally reduced with a crude rat liver homogenate (13) to the tetrahydro 
derivative and chromatographed in the benzene (4)-methanol (2)-water 
(1) system for 8 hours with authentic corticosterone similarly reduced. ‘The 
plasma steroid which runs at the same rate as tetrahydrocorticosterone 
was eluted, and an aliquot assayed with blue tetrazolium and C™ counting. 
Table I shows the close correspondence of specific activities. It is to be 
noted that the specific activity of the corticosterone obtained from plasma 
is only about one-half that of the added corticosterone. 
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Plasma Extracts Containing No Corticosterone—30 ml. aliquots of a pooled 
normal plasma were assayed by the procedure described and found to con- 
tain 1.6 y per cent corticosterone. A 50 ml. aliquot of the same plasma, 
to which was added 0.5 y of corticosterone-4-C™, was extracted with the 
carbon tetrachloride-dichloromethane solvent, and two equal portions of 
the solvent were evaporated to dryness in separate test tubes. The residue 
from one tube was acetylated and the residue in the other tube was dis- 
solved in 10 per cent aqueous methanol and treated with crude rat liver 
homogenate, as described above, to produce the tetrahydro derivative of 
corticosterone. The acetylated and reduced compounds were chromato- 
graphed in the cyclohexane-benzene-methanol-water system. The ma- 
terial running at the same rate as corticosterone was eluted and assayed 
for C™ and fluorescence. No fluorescent reacting material and only a 
trace of radioactivity could be found. With the acetylated derivative, the 
material which runs at the same rate as corticosterone acetate was eluted 
and assayed for specific activity and found to give a plasma corticosterone 
level of 1.4 y per cent. 

50 ml. of plasma drawn from a normal subject 10 hours after the ad- 
ministration of 2 mg. of A!-9a-fluorohydrocortisone were extracted with 
solvent after 0.3 y of corticosterone-4-C" was first added. (Phenylhydra- 
zine assay (9) on this same plasma failed to reveal the presence of any 
hydrocortisone. ‘This is indicative of good adrenal cortical suppression 
since this assay will detect as little as 2 y per cent hydrocortisone.) After 
paper chromatography of this plasma extract, the material which runs 
at the same rate as corticosterone gave a specific activity of 4350 c.p.m. 
per microgram, indicating the absence of corticosterone and also of any 
other material in the plasma extract which runs on the chromatogram like 
corticosterone and produces fluorescence like corticosterone. 

Two subjects with Addison’s disease and two subjects with adrenal in- 
sufficiency secondary to pituitary deficiency either failed to show any or 
showed only minimal quantities of plasma corticosterone (Table II). 

Plasma from Subjects with Increased Adrenocortical Activity—Table II 
lists the plasma corticosterone levels in subjects given adrenocorticotropin 
intravenously. The patient with adrenocortical carcinoma had a plasma 
hydrocortisone level of 260 y per cent. 

Purity of Added Corticosterone-4-C'—The purity of the corticosterone- 
4-C™ was determined by reverse isotope dilution by addition of authentic 
corticosterone, and by chromatography on paper. The steroid running as 


corticosterone was eluted and assayed. The corticosterone was found to "s 


be 90 per cent pure. A correction for this impurity was made in all the 
calculations. 

Choice of Solvent for Extracting Steroid from Plasma—Many solvents com- 
monly used for extracting steroids from aqueous solutions can be used to 
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extract corticosterone from plasma (ethyl! acetate, dichloromethane, chloro- 
form, ethyl ether). However, it is desirable to use a solvent that will ex- 
tract most of the corticosterone and a minimal amount of other more polar 
steroidal and non-steroidal material. Petroleum ether will remove prac- 
tically no corticosterone from water or plasma. Benzene, n-buty] chloride, 
and isopropyl acetate all have solvent characteristics favorable for the re- 
moval of corticosterone from water, and do not remove materials that are 
much more polar than corticosterone. Benzene and n-butyl] chloride will, 
however, remove only a small amount of the corticosterone from plasma. 
Isopropyl acetate, though it does remove corticosterone from plasma, has 


TaBLeE II 
Plasma Corticosterone Levels 

per cent 
Adrenogenital syndrome (2)............................. 0.4 
Adrenocortical carcinoma (1)............................ 5.6 
Normal, after 8 hrs. intravenous ACTH (2).............. 7.5, 10 

‘* 10 hrs. after 2 mg. A!-9a-fluorohydrocortisone (2). . 0 


The figures in parentheses indicate the number of subjects. 


an unfavorably high boiling point. Carbon tetrachloride alone is a poor 
solvent for extracting corticosterone from plasma; however, a mixture of 1 


' part of carbon tetrachloride and 1 part of dichloromethane serves as an 
- excellent and fairly selective solvent for corticosterone (partition coefficient 


0.05). It also boils at a low temperature and is heavier than water, thus 


' making it easy to aspirate the top aqueous layers. 


Recoveries—Table III lists recoveries of corticosterone added to various 
volumes of plasma. Dilution of plasma with equal volumes of water did 
not alter the corticosterone recoveries. Extraction of plasma with ethyl 
acetate, dichloromethane, or isopropyl acetate gave similar plasma corti- 
costerone levels. It is of interest to note that the methods of analysis do 


not require quantitative recoveries of corticosterone from either the plasma 


extraction or the paper chromatography, and most of the variability in 
recoveries shown in Table III are no doubt the result of the errors in- 
volved in the fluorometric and radioactivity assays. The accuracy of the 


method depends upon the use of a known volume of plasma to which the 


labeled steroid is added, a precise knowledge of the quantity and purity of 
corticosterone-4-C™ added, and the purity of the steroid eluted from the 
paper. 

Precision—The precision of the method is related to the accuracy of the 
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radioactivity measurement and the fluorescence assay. The C™ can be 
counted to an accuracy of 1 per cent, but the variability in the geometry 
of the material on the planchet may introduce an additional error of 3 to 
4 per cent. Fluorescence assays of pure corticosterone give the following 
precision: 1.0 y +2 per cent, 0.5 y +5 per cent, 0.1 y +10 per cent, and 


0.05 y +20 per cent. The sensitivity of the fluorometric procedure makes! 
TABLE III 
Recovery of Corticosterone (B) Added to Various Volumes of Plasma 
Plasma B B added Calculated B Found B Recovery 
20 0.17 0.20 0.40 105 
20 0.18 0.20 0.38 100 
20 0.20 0.20 0.35 92 
Mean...... 0.18 0.38 
30 0.20 0.20 0.47 100 
30 0.27 0.20 0.48 102 
30 0.30 0.20 0.50 106 
Mean...... 0.27 0.47 
40 0.36 0.20 0.51 91 
40 0.38 0.20 0.58 103 
40 0.33 0.20 0.54 96 
Mean...... 0.36 0.56 
50 0.48 0.20 0.58 91 
50 0.42 0.20 0.60 94 
50 0.42 0.20 0.63 98 
Mean...... 0.44 0.64 


it possible to detect as little as 0.2 y per cent plasma corticosterone by using c 
30 ml. of plasma; however, the following degree of precision is obtained with © 


various plasma corticosterone concentrations: 0.5 y per cent +20 per cent, 
1.0 y per cent +15 per cent, >2.0 y per cent +5 per cent. 
The precision of the mathod j is also related to the ratio J’/J; the higher ff 


the ratio, the better the precision. In order to obtain a high ratio, the © 


ratio of the quantity of corticosterone-4-C™ added (a) to the quantity of © 
corticosterone in the plasma sample (A) should be as small as possible. 
The theoretical error introduced in the analysis can be expressed by differ- 
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entiation and rearrangement (14) of the equation A = a((J’/J) — 1), as 
previously described. An error of 5 per cent in either J’ or J and a ratio 
of I’/I of 2 (the usual ratio obtained with the procedure described) results 
in an error of about +6 per cent in A. 

Normal Values—In twenty normal subjects, a range of plasma corticos- 


- terone values of 0.5 to 2.0 y per cent was found, with a mean of 1.1 y per 
- cent and a standard deviation of +0.3 y per cent. By using the method 


of Peterson et al. (9), the mean plasma hydrocortisone value in these twenty 


- subjects was found to be 15 y per cent. 


DISCUSSION 


Experimental data are presented to show that the plasma steroid eluted 
from paper and measured fluorometrically is indeed corticosterone. Such 
information is a requisite to the development of an isotope dilution method 
of analysis. ‘The migration rate on the paper chromatogram and the mixed 
chromatogram, plus reduction of the compound on paper with alkaline 
blue tetrazolium, and ultraviolet light absorption and yellow fluor¢scence 
after sodium hydroxide treatment of the free compound are very charac- 
teristic when taken in combination. Also, the sulfuric acid absorption 
spectrum is highly characteristic for corticosterone. There is no known 
natural or synthetic steroid which could be confused with corticosterone in 
the light of these results. 

The other tests employed serve to confirm the observation that the 
steroid eluted from paper is corticosterone, and also lend support to the 
belief that no significant quantity of non-steroidal material which con- 
tributes to the measured fluorescence is eluted from the paper. 

The fluorescence spectra (activating and emitting spectral curves) lend 
support to the assumption that the eluted steroid is corticosterone. These 
spectra are, however, not specific for corticosterone, but, when considered 
with the curves of fluorescence intensities determined at various times in 
different concentrations of sulfuric acid and ethanol, they constitute addi- 
tional evidence that the eluted steroid is corticosterone. The fluorescence 
test is itself quite selective, since most steroids known to fluoresce under 
these conditions have the A‘-3-keto ring A,B structure, hydroxyl groups at 
C-11 and C-21, and a ketone or hydroxy] group at C-20 (Table IV). Ster- 
oids in the estrogen series fluoresce under these conditions, but are excluded 
by the alkali wash and chromatography. 

The data on constancy of specific activity after addition of corticos- 
terone-4-C to the plasma lend support to the concept that corticosterone 
is the eluted steroid, and that no significant quantity of non-steroidal ma- 
terial is also eluted. The behavior of the acetate (migration only slightly 
faster on paper than free corticosterone) suggested the presence of only one 
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hydroxy] group which can be easily esterified. The behavior of the steroid 
on paper after treatment with the rat liver enzyme (migration rate slower 
than free corticosterone) suggested that it had been converted to the tetra- 
hydro derivative of corticosterone. 


The absence of any substance which migrates on paper as corticosterone a 


and produces fluorescence in plasmas from patients with Addison’s disease 
or after suppression of the adrenal with A!-9a-fluorohydrocortisone in nor- 
mal subjects suggests that no non-steroidal substance is present in the 


TaBLe IV 


Relative Fluorescence of Corticosteroids 
Fluorescence per microgram perm]. All steroid samples extracted from dichloro- 
methane with 1 ml. of reagent, containing 65 parts of H2SO, and 35 parts of ethanol. 
Readings made 3 hours later. 
Corticosteroids Galvanometer reading 
A‘-Pregnene-118 ,21-diol-3,20-dione 100 
A‘-Pregnene-1la,21-diol-3 ,20-dione 35 
A‘-Pregnene-118,17a,20a,21-tetrol-3-one 25 
A‘-Pregnene-118,17a,21-triol-3 ,20-dione 20 
,20-dione 15 
A‘-Pregnene-118 ,17a,208 ,21-tetrol-3-one 15 
A‘-Pregnene-68,118,17a,21-tetrol-3 ,20-dione 2.5 
A!-4-Pregnene-118,17a,21-triol-3 ,20-dione 2.0 
A‘-Pregnene-118,17a,21-triol-3 ,20-dione-9a-F 1.5 
A! ,20-dione-9a-F 1.0 
A‘-Pregnene-17a,21-diol-3 ,20-dione 1.0 
0.8 
A‘-Pregnene-17a,21-diol-3,11,20-trione 0.7 
Pregnane-118,17a,21-triol-3 ,20-dione 0.7 
Pregnane-3a,118,17a,21-triol-20-one 0.5 
A‘-Pregnene-118 ,21-diol-18-al-3 ,20-dione 0.5 


plasma extract that can be confused with corticosterone under these con- — 
ditions. Also, the absence of such a substance is indicated in the experi- 


ments in which the corticosterone in plasma extracts was removed by acet- — 


ylation and enzymatic reduction. 

Corticosterone turnover rate studies in man* have shown that, after the 
injection of a trace quantity of corticosterone-4-C™, the specific activity of 
the plasma corticosterone decreases with time so that in 1 hour the specific 


activity has declined by about 50 per cent. This supports the concept that — 


corticosterone is secreted into the peripheral blood. 


Although it was not possible to isolate enough material for crystalliza- — 


° Peterson, R. E., unpublished data. 
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tion and infrared analysis, it would seem very unlikely in the light of the 
evidence submitted that any substance other than corticosterone was being 
determined. 


SUMMARY 


1. Evidence is presented for the presence of small quantities of corti- 
costerone in human peripheral blood. 

2. By means of an isotope dilution assay with corticosterone-4-C™, the 
corticosterone level in the plasmas of twenty normal subjects has been 
found to average 1.1 y per cent + 0.3 y per cent (range 0.5 to 2.0 y per 
cent). 

3. The ratio of hydrocortisone to corticosterone has been found to aver- 
age about 15 to 1 in normal subjects. 

4. Corticosterone levels have been found to be zero or very low in Addi- 
son’s disease, hypopituitarism, the adrenogenital syndrome, and after ad- 
renal suppression with A!-9a-fluorohydrocortisone in normal subjects. 

5. Corticosterone levels have been found to be elevated in adrenocortical 
carcinoma and after infusion of adrenocorticotropin in normal subjects. 


We are most grateful for the technical assistance rendered to this project 
by Miss Aurora Karrer and Mr. Charles Pierce. We also wish to thank 
The Upjohn Company, Kalamazoo, Michigan, for their generous contri- 
butions of the various steroids used in this project. 
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OF BINARY MIXTURES OF URINARY STEROIDS* 
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AND SEYMOUR LIEBERMAN 


(From the Departments of Biochemistry and Obstetrics and Gynecology, College of 
Physicians and Surgeons, Columbia University, New York, New York) 


(Received for publication, July 6, 1956) 


It has long been recognized that the urinary 17-ketosteroids are derived 
from secretory products of various endocrine glands; e.g., adrenal, testis, 
and possibly the ovary and placenta. Consequently, no colorimetric es- 
timation by which these urinary steroidal metabolites are measured as a 
group can lead to an accurate interpretation of the biochemical and physio- 
logical significance of these substances. ‘The recent trend, therefore, has 
been to employ standardized micromethods involving some form of chro- 
matography which gives a qualitative and quantitative analysis of the 
major 17-ketosteroid components in the hope that patterns so derived may 
better be correlated with the existing endocrine status. 

Adsorption chromatography with alumina (1-4) or silica gel (5, 6) as 
adsorbents, partition chromatography (7), and paper chromatography 
(8-10) have all been used to resolve the urinary mixtures into their indi- 
vidual constituents. These methods succeed in separating from one 
another the saturated ketosteroids such as isoandrosterone, androsterone, 
etiocholanolone, 11-ketoetiocholanolone, 118-hydroxyandrosterone, and 
118-hydroxyetiocholanolone. No method, however, has been described 
which is capable of separating the A°-unsaturated 17-ketosteroids, A°%-an- 
drostenolone (3a-hydroxy-A°-androsten-17-one) and A%-etiocholenolone 
(3a-hydroxy-A°-etiocholen-17-one), from their respective saturated ana- 
logues, androsterone and etiocholanolone. These A’ compounds have often 
been detected (11, 12) by infrared spectrophotometry in chromatographic 
fractions containing androsterone and etiocholanolone, and have been 
separated chemically via the 9,11 epoxy derivatives from their saturated 
counterparts (11, 13). 

The urinary A°-17-ketosteroids are unquestionably derived from 116-hy- 
droxylated precursors arising in the adrenal glands. On the other hand, 
androsterone and etiocholanolone, two of the most abundant 17-ketos- 
teroids, are of both testicular and adrenal origin. It is obviously of physi- 


* The authors gratefully acknowledge the partial support given them by a research 
grant (No. PHS-C1918) from the National Advisory Cancer Council of the National 
Institutes of Health, United States Department of Health, Education, and Welfare. 
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ological importance to be able to distinguish between these chromatograph. 
ically similar but metabolically dissimilar saturated and unsaturated 
metabolites. Although the chromatographic technique with gradient elu- 
- tion which is employed routinely in this laboratory (3, 12) resolves the 


saturated 17-ketosteroids, androsterone and etiocholanolone, from each} 


other, it does not succeed in separating them from the A°*-17-ketosteroids, 
Similarly, this chromatographic method does not resolve the saturated 
17-ketosteroid, isoandrosterone, from its unsaturated counterpart, dehy- 
droisoandrosterone, with which it may be mixed. To meet this need, a 
spectrophotometric method has been developed which permits the simul- 
taneous analysis of both components of the three previously mentioned 
pairs. This method is based upon the observation of Zaffaroni (14) that 
concentrated sulfuric acid solutions of steroids absorb ultraviolet light in 
a characteristic manner. More recently, Bernstein and Lenhard (15) have 
systematically studied the spectra in sulfuric acid of more than 200 steroids, 
and have observed that, unlike corticosteroids which exhibit many absorp- 
tion bands in the ultraviolet region, the C;9-17-ketosteroids, androsterone, 
etiocholanolone, and isoandrosterone, exhibit simple spectra consisting of 
one absorption band at approximately 310 mu. It might be expected that 
the introduction of a double bond in the molecule between Cy, and Cy 
or between Cs and Cg, would produce spectral changes sufficiently large 
to provide a means of distinguishing the unsaturated compounds from 


their saturated analogues. This was found to be so, and by the usual? 
spectrophotometric procedure for the analysis of binary mixtures (16) a? 
simple method for the quantitative analysis of such mixtures was devel- 


oped. 


This method requires that the total absorption of any mixture is the sum © 


) of the separate absorptions of the individual components. Two simul- 
_ taneous equations, the solution of which provides a means for estimating 


the composition of the mixture, may be set up. By determining the ab- 7 
sorbance (optical density) of the mixture at two suitable wave lengths, the © 


_ concentration of each steroid in the mixture can be obtained. In the gen- 


_ eral case in which A, and A: are the observed absorbances of the mixture 
at and do, respectively, and and and U, and are the absorbances 
of the saturated (S) and the unsaturated (U) steroids at the corresponding 


wave lengths, then 


A=S +0; (1) 
Ar = + U2 (2) 


If $:/S2 = Kg and U;/U2 = Ky, it is possible to express 8, in terms of these y 


constants and A, and Az. 
Si = Ai [Ks/(Ks — Av)] — Az |[KsKu/(Ks — Kv)] (3) 
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From these equations, the absorbance due to the saturated and unsatu- 
rated steroids can be calculated by measuring the absorbance of the mixture 
at two wave lengths, A, and Az. By the use of a calibration chart (Table 
II) in which absorbance is related to concentration of the individual ster- 
oids, the concentration of each may be obtained. 

To develop this procedure it was first necessary to determine the spectra 
of the pure substances in order to determine the appropriate wave lengths 
(A; and Az) for use with the mixtures. In addition, the intensity of absorp- 
tion at A; and A» was determined for each steroid, and from these deter- 
minations the constants (Kg and K y) were evaluated. Finally, the absorp- 
tion at A; and dz for each steroid at various concentrations was determined. 
The method was then applied to known mixtures of pure steroids contain- 
ing various proportions of the two components. 

The method described has been applied regularly in this laboratory to 
appropriate chromatographic fractions obtained from urinary steroidal ex- 
tracts. Since many materials when dissolved in concentrated sulfuric acid 
may give rise to absorption in the ultraviolet region, it was necessary to 
prove that by the spectrophotometric method A‘°-17-ketosteroids were 
actually measured in chromatographic eluates from urinary extracts. To 
this end, the unsaturated steroids present in several such eluates were esti- 
mated by an independent chemical procedure which involved the oxida- 
tion of such fractions with perbenzoic acid. The 9,11 epoxides so formed 
were separated by chromatography from the unaltered saturated com- 
ponents and were conclusively identified by infrared spectroscopy (Table 
IV). 


EXPERIMENTAL 


Spectral Characteristics of Six Urinary 17-Ketosteroids—Before the ab- 
sorption spectra of the compounds to be studied were determined, two vari- 
ables had to be evaluated. They were the contributions made to the 
spectra by non-volatile residues from the solvents employed and the length 
of time the steroids were in solution in concentrated sulfuric acid. 

To estimate the magnitude of the effect of solvent residues, 10 ml., 15 
ml., and 20 ml. of methanol (Mallinckrodt, A. R.), ether (Mallinckrodt, 
U.S. P., redistilled over KOH), ethyl acetate (Mallinckrodt, A. R., redis- 
tilled), benzene (Mallinckrodt, A. R., redistilled over sodium), methylene 
chloride (Mallinckrodt, A. R., redistilled), and ethanol (U. S. Industrial 


Chemicals, Inc., absolute U. S. P.) were placed in glass-stoppered incuba- 


tion tubes (13 mm. X 120 mm., obtained from the H. 8. Martin Company, 
Chicago). After evaporation of the solvent in a stream of nitrogen at tem- 
peratures below 40°, 5 ml. of concentrated sulfuric acid (Mallinckrodt or 
Baker, c.p.) were added to the residue in each tube. The contents were 
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thoroughly mixed by inversion and allowed to stand at room temperature 


(25°) in the dark for 2 hours. At the end of this time the spectra were) 


determined with a Beckman model DU spectrophotometer over the wave 
length range from 220 to 410 my, sulfuric acid being used as the blank, 
The results obtained indicated that the residues from ether and methylene 
chloride contributed the least amount of non-specific absorbance when 
treated with sulfuric acid. Ether was particularly free from impurities and 


was subsequently used to transfer urinary fractions to appropriate tubes | 
for analysis. The residues from undistilled methanol gave only slightly | 


greater absorption values, and it was accordingly used as the solvent for 
the solutions of standard steroids. 


To determine the effect of varying the time of incubation with sulfuric ~ 
acid, aliquots (containing 200 y) of methanol solutions of the six steroids ~ 
(isoandrosterone, m.p. 171—173°; dehydroisoandrosterone, m.p. 151—153°; 
androsterone, m.p. 181—183°; A°%-androstenolone, m.p. 182—186°; etiocho- 
lanolone, m.p. 149-151°; and A%-etiocholenolone, m.p. 169-170°) were — 
pipetted into the incubation tubes and evaporated to dryness in a stream © 
of nitrogen. 5 ml. of sulfuric acid were added and the tubes were mixed © 
by inversion. After 0.5, 1, 1.5, 2, and 2.5 hours at room temperature, the — 
absorption curves were determined on a Cary recording spectrophotometer, — 
model 11, over the wave length range between 220 and 420 mu. Maximal | 
absorption was obtained for all six substances within 30 minutes and re- | 
mained essentially unchanged for 2 hours, no differences greater than 5 | 


per cent being observed at any region of the spectra. Half an hour was e 
therefore selected as a convenient incubation time for the analytical pro- © 


cedure, although in practice spectra determined at any time between 0.5 _ 


and 2.5 hours may be used. 


Figs. 1, 2, and 3 show the absorption spectra in concentrated sulfuric | 


acid of isoandrosterone and dehydroisoandrosterone, androsterone and 


A°-androstenolone, and etiocholanolone and A®-etiocholenolone. The wave 


lengths at which the individual steroids showed maximal absorption were | 
selected for use in the analysis of the binary mixtures. For the pair, iso- | 


androsterone and dehydroisoandrosterone, the wave lengths chosen were 
312 and 406 mu. For androsterone and A%-androstenolone, 310 and 348 
mu were selected, and for the pair, etiocholanolone and A®-etiocholenolone, 
312 and 342 mu were chosen. 

It has previously been shown that the simultaneous equations for the 
determination of a mixture are reducible to a single Equation 3, involving 
only two measurable quantities, A; and Ae, and two constants, Kg and Ky 
(Table I). These constants were determined at three different concentra- 
tions and are the mean values of from nine to thirty-five determinations 
made at each concentration. Over the concentration range studied, Ks 
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and Ky were found to be reasonably constant. ‘The average Ks and Ky 
values ultimately used for the subsequent analyses are the mean values of 
from twenty-seven to 91 determinations. Substitution in Equation 3 of 
the average A values from Table I results in the following expressions: For 


OPTICAL DENSITY 
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220 240 260 280 300 320 340 360 380 400 420 
MILLIMICRONS 


Fic. 1. Absorption spectra in concentrated sulfuric acid of isoandrosterone (A) 
and dehydreisoandrosterone (0D). 
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MILLIMICRONS 


Fic. 2. Absorption spectra in concentrated sulfuric acid of androsterone (A) and 
A’-androstenolone (0D). 
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Fic. 3. Absorption spectra in concentrated sulfuric acid of etiocholanolone (A) 
and A%-etiocholenolone (0). 
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dehydroisoandrosterone-isoandrosterone mixtures, 


= 1.09 Ay 0.55 (4) 
For androsterone-A°-androstenolone mixtures, 
Si = 1.75 Ay — 1.71 A2 (5) 
TABLE I 
Constants (K Values) for Two Component Absorption Equations 
Steroid Ai | my* K valuet 
Isoandrosterone 312 406 10 6.24 21 
15 6.57 30 6.46 
20 6.33 35 
Androsterone 310 348 10 2.33 24 
15 2.29 23 2.29 
20 2.25 20 
Etiocholanolone 312 342 10 1.78 33 
15 1.79 28 1.78 
20 1.78 30 
Dehydroisoandros- 312 406 2 0.52 21 
terone 5 0.51 25 0.51 
10 0.50 27 
A*-Androstenolone 310 348 10 1.00 9 
15 0.95 9 0.98 
20 1.01 9 
A®-Etiocholenolone 312 342 10 0.84 24 
15 0.84 22 0.83 
20 0.81 19 


* The absorbances at these wave lengths were used to determine K values. 
t The K values for isoandrosterone, androsterone, and etiocholanolone are Kg 


values; those for dehydroisoandrosterone, A*°-androstenolone, and A®-etiocholenolone 


are Ky values. 


For etiocholanolone-A°-etiocholenolone mixtures, 
S: = 1.87 A; — 1.55 Ag (6) 
The optical density corresponding to the unsaturated components, Uj, is 


obtained from U; = A; — 8; (Equation 1). 
Relationship between Absorbance and Concentration—With the optical | 


densities S; and U, thus determined, the concentrations of each substance ‘ 


in micrograms per ml. of sulfuric acid may be obtained from Table II. 


The values in Table II were obtained from calibration curves which were : 


constructed from the mean values of from nine to fifteen determinations at 
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each of three concentration levels of each steroid. An analysis of the spread 
of the multiple determinations indicated that any single determination of 
the sulfuric acid spectrum of a sample might deviate from the true quan- 
tity by 1 y to 2 y of steroid per ml. of sulfuric acid. 


TABLE II 
Calibration Table; Absorbance Versus Concentration 
Optical density 
per m 
Si Ui Si U1 Si Ui 
= 312 mp = 310 my = 312 my 
1 0.030 0.025 0.030 0.025 0.026 0.025 
2 0.065 0.050 0.060 0.050 0.055 0.050 
3 0.090 0.075 0.092 0.075 0.085 0.075 
4 0.120 0.100 0.120 0.100 0.115 0.100 
5 0.150 0.125 0.151 0.125 0.145 0.125 
6 0.185 0.155 0.182 0.150 0.175 0.150 
7 0.215 0.177 0.212 0.175 0.202 0.175 
8 0.240 0.205 0.240 0.200 0.230 0.200 
8) 0.275 0.230 0.270 0.225 0.260 0.225 
10 0.305 0.255 0.300 0.250 0.290 0.250 
11 0.335 0.280 0.330 0.275 0.320 0.275 
12 0.365 0.305 0.360 0.300 0.347 0.300 
13 0.395 0.330 0.390 0.325 0.375 0.325 
14 0.425 0.355 0.420 0.350 0.405 0.350 
15 0.450 0.380 0.450 0.375 0.435 0.375 
16 0.485 0.410 0.480 0.400 0.465 0.400 
17 0.515 0.435 0.510 0.425 0.495 0.425 
18 0.545 0.460 0.540 0.450 0.520 0.450 
19 0.575 0.485 0.570 0.475 0.550 0.475 
20 0.600 0.510 0.600 0.500 0.580 0.500 


The application of Table II may be illustrated by the results obtained 
on an aliquot of a chromatographic fraction containing etiocholanolone and 
A*-etiocholenolone. ‘The values for A; (0.540) and Az (0.458) were obtained 
from the sulfuric acid spectrum, determined over the range 220 to 410 mu. 
Substitution of these absorbances in Equation 6 gave S; = 0.290, which is 
found in Table II to correspond to a concentration of 10 y of etiocholano- 
lone per ml. of sulfuric acid. Substitution of this value of S; in Equation 
1 gave U,; = 0.250, which from Table II indicates a concentration of 10 
of A°-etiocholenolone per ml. of sulfuric acid. Therefore, this chromato- 
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graphic fraction contained etiocholanolone and A’%-etiocholenolone in a 
ratio of 1:1. 

Analysis of Known Mizxtures—-The results obtained when known mixtures 
of the three pairs of substances were analyzed by the above method are 
given in Table III. Deviations were no greater than those encountered 
in replicate determinations of a standard solution of a steroid; 7.e., 1 y to 
2 y of steroid per ml. of sulfuric acid. 

Two mixtures of androsterone and A°-androstenolone (80:20 and 60:40) 
consistently yielded errors greater than those normally encountered. 
These estimations resulted in a 20 per cent underestimation of the andros- 
terone and the corresponding overestimation of the A? compound. This 


TABLE III 


Determination of Known Mixtures of Saturated and Unsaturated 
Steroids by Their Ultraviolet Spectra in H2SO, 


| 


| Per cent saturated compound in mixturet 


Steroid pair 

80 60 | 40 20 

Isoandrosterone + dehydroisoan- 83 55 49 38 17 
drosterone 82 61 49 40 17 
Androsterone + A%-androstenolone 78* 60* 49 46 20 
75* 64* 50 40 23 

Etiocholanolone + A%-etiocholeno- S4 60 45 40 22 
lone 82 62 47 36 27 


* The total steroid concentration was 20 y per ml. of H.SO, except in those in- 
stances marked with an asterisk, in which the concentration was 10 y per ml. of 
H.SO, or less. 


effect could be eliminated by diluting the mixture with sulfuric acid so 
that the total steroid concentration was 10 y per ml. of sulfuric acid or less. 
The deviations in absorption law which these mixtures exhibit may be due 
to interaction of the absorbing substances at certain proportions to form 
aggregates in the sulfuric acid solution. Deviations of this nature have 
recently been discussed by Hiskey (17). 

Unsaturated Steroid Content of Urinary Fractions Measured Spectro- 
photometrically and by Epoxide Formation—As previously mentioned, the 
spectrophotometric method described above has been applied regularly to 
appropriate chromatographic fractions obtained from urinary extracts. In 
order to prove that the sulfuric acid method was indeed measuring an un- 
saturated steroid and not a non-specific contaminant present in such chro- 
matographic eluates, an independent procedure for the detection of these 
unsaturated steroids was applied. This procedure involved perbenzoic 
acid oxidation of the mixture of saturated and unsaturated compounds, 
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followed by separation of the resulting epoxide from the unchanged satu- 
rated component by chromatography on alumina. In a model experi- 
ment, for instance, 5.00 mg. of A%-etiocholenolone were treated with per- 
benzoic acid (see below), and the product was chromatographed on alumina 
by the gradient elution technique. The epoxide was recovered in Frac- 
tions 77 to 85, and an estimate by the Zimmermann reaction of the amount 
recovered showed 5.09 mg. of ketosteroid present. When a 1:1 mixture 
of dehydroisoandrosterone and isoandrosterone was similarly treated, the 
percentage recovery of the two components was 48.6 and 51.4 per cent, re- 
spectively. 

Chromatographically homogeneous urinary fractions which were identi- 
fied by infrared spectroscopy to contain only dehydroisoandrosterone and 
isoandrosterone, or androsterone and A°-androstenolone, or etiocholanolone 
and A°-etiocholenolone were first analyzed by the sulfuric acid chromogen 
method. ‘The remainder of each fraction was then dissolved in 1 ml. of 
benzene, and to this solution was added 0.2 ml. of a benzene solution of 
perbenzoic acid containing 64 mg. of perbenzoic acid per ml. After 48 
hours at 5°, an acidified sodium iodide solution was added and the liberated 
iodine was titrated with 0.05 N sodium thiosulfate. Efforts to estimate 
the amount of the unsaturated component by iodometric titration of the 
unused perbenzoic acid, as is customary with pure materials, were unsuc- 
cessful with these chromatographic fractions. Perbenzoic acid consump- 
tion corresponding to from 2 to 10 times the total amount of steroids present 
in the urinary fractions was often encountered. It was therefore neces- 
sary to isolate by chromatography the steroid epoxide in order to determine 
its concentration. After titration the solution was extracted with ethyl 
acetate, and the ethyl acetate extracts were washed with sodium bisulfite, 
sodium carbonate, and water, and dried over sodium sulfate. The solvent 
was then removed under diminished pressure and the residue was chro- 
matographed on alumina with use of gradient elution. 

From each of these oxidized urinary fractions two peaks were obtained 
by chromatography. The first peak in each case was the unaltered satu- 
rated steroid. Isoandrosterone appeared in Fractions 25 to 35, andro- 
sterone in Fractions 38 to 48, and etiocholanolone in Fractions 50 to 60. 
The second peak in each case was found to be the epoxide of the correspond- 
ing unsaturated compound. In each instance the epoxide was identified 
by infrared spectroscopy. 36-Hydroxy-5a,6a-oxidoandrostan-17-one was 
eluted in Fractions 72 to 82, 3a-hydroxy-9a, 1la-oxidoandrostan-17-one 
was found in Fractions 73 to 80, and 3a-hydroxy-9a, 1 la-oxidoetiocholan- 
17-one was found in Fractions 75 to 85. Analysis by the Zimmermann 
reaction of the ketosteroid content of each of the two substances separated 
by chromatography yielded the quantitative results tabulated in Table 
IV. 
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These results provide an independent check, quantitative as well as 
qualitative, of the applicability of the spectrophotometric method to uri- 
nary fractions. When this method was applied to urinary fractions, it 
was found necessary to limit as much as possible the amount of handling, 
transfers, and solvent evaporations, since many non-steroidal impurities 
may contribute to the chromogenicity in sulfuric acid. To guard against 
this possibility, it has been our practice to remove two aliquots from each 


TABLE IV 


Composition of Urinary Chromatographic Fractions As Determined by 
Sulfuric Acid Spectra and Eporxidation of Unsaturated Steroids 


Per cent composition by 
Urinary steroid fraction 
H2SO4 Epoxide* 
még. 

1. Isoandrosterone + dehydroiso- 1.78 15.4 15.8 
androsterone 3.40 84.6 84.2 
2. Isoandrosterone + dehydroiso- 0.81 62.3 57.3 
androsterone 1.34 37.7 42.7 
3. Androsterone + A%-androsten- 3.64 75.0 75.7 
olone 1.21 25.0 24.3 
4. Androsterone + A%-androsten- 2.49 28 .6 22.7 
olone 6.21 71.4 77.3 
5. Etiocholanolone + A%-etiocho- 6.78 86.8 91.6 
lenolone 1.03 13.2 8.4 
6. Etiocholanolone + A%-etiocho- 5.00 72.4 82.4 
lenolone 1.91 27 .6 17.6 


* The saturated compounds and the epoxides in all cases were identified by their 
infrared spectra. The quantitative estimation was made by the Zimmermann re- 
action. 


of the chromatographic fractions before the latter are evaporated to dry- 
ness. One aliquot then serves for the Zimmermann determination from 
which the total 17-ketosteroid content of each chromatographic peak is 
calculated, and the other aliquot, containing usually 50 to 100 vy, is used 
for the sulfuric acid spectra. 


DISCUSSION 


A method has been developed for the simultaneous estimation of the com- — 
ponents of a binary mixture of a saturated and unsaturated steroid. Al-_ 
though only three frequently encountered pairs of urinary steroids have 
been studied, the method may be applied to any similar mixture. Some 
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examples of pairs of urinary steroids whose mixtures may be so analyzed 
are 3a, 17a-dihydroxy-A*-pregnen-20-one (18) and 3a,17a-dihydroxypreg- 
nan-20-one, A*-pregnene-38 ,17a,20a-triol (19) and pregnane-3a, 17a ,20a- 
triol, and 3a-hydroxv-A°-pregnen-20-one (18) and 3a-hydroxypregnan-20- 
one. 

Urinary dehydroisoandrosterone is now considered to be an important 
index of adrenocortical activity. It certainly is a measure of the produc- 
tion of the so called adrenal androgens. The suggestion has been made 
(20) that the biosynthetic pathways leading to the formation of dehydro- 
isoandrosterone, and therefore the androgens, androstenedione and testos- 
terone, are independent of the pathways leading to the formation of hydro- 
cortisone and aldosterone. Whether or not this hypothesis is ultimately 
found to be correct, it is undeniable that an accurate analysis of the amount 
of dehydroisoandrosterone excreted in the urine is essential for a proper 
understanding of adrenal steroid synthesis. Therefore, the measurement 
of dehydroisoandrosterone (for other methods, see Munson et al. (21) and 
Allen et al. (22)), apart from that of isoandrosterone, a metabolite of testos- 
terone as well as adrenal precursors, is important for a correct evaluation 
of adrenal function. 

The urinary excretion of the 1l-oxygenated Cj -ketosteroids, 11-keto- 
etiocholanolone, 116-hydroxyandrosterone, 118-hydroxyetiocholanolone, 
and to a lesser extent of 11-ketoandrosterone, likewise reflects adrenocorti- 
cal steroid synthesis, but these metabolites are considered to be derived 
from hydrocortisone and 116-hydroxy-A‘-androstene-3,17-dione. In the 
last analysis, the A%-C,9-17-ketosteroids are also derived from these same 
adrenal secretory products, and consequently the independent measure- 
ment of these urinary constituents is necessary. ‘The immediate precur- 
sors of the A°-unsaturated metabolites are probably the corresponding 118- 
hydroxy steroids. The artificial formation of the unsaturated compounds 
from their 118-hydroxy analogues by one or more of the various proce- 
dures used in the isolation of these metabolites may account for most, 
if not all, of the A? compounds found in urinary extracts. Acid hydrolysis 
at elevated temperature can readily result in the dehydration of the 116- 
hydroxyl group, and any urine so treated may be expected to contain the 
A® artifacts (11, 23). 

The urinary conjugates of the 17-ketosteroids are more adequately hy- 
drolyzed by a combination of several procedures than by any one pro- 
cedure (12, 24, 25). In experiments in which exogenously administered 
isotopically labeled steroids were used, Gallagher et al. (24) observed that 
appreciable amounts of labeled metabolites remained in the residual urine 
after 8-glucuronidase hydrolysis and acid (pH 1) hydrolysis at room tem- 
perature. After these two procedures, acid hydrolysis at reflux tempera- 


as 
. 
It 
ig, 
les 
ist 
h 
4 
i 
j 
i 
¥ 
| 
i 
| 
j 


50 ANALYSIS OF URINARY STEROIDS 


tures always resulted in the liberation of additional amounts of radioactive 
metabolites. Experiments conducted in this laboratory, both with and 
without the aid of isotopically labeled precursors, have confirmed these 
results. 

Therefore, since enzymatic hydrolysis, followed by acid hydrolysis at 
room temperature, cannot always be relied upon to cleave the urinary 
steroid conjugates quantitatively, it is the general practice in this laboratory 
to boil with acid for 30 minutes all urine samples which have first been 
treated with 6-glucuronidase (300,000 units of beef liver glucuronidase per 
day’s urine) for 4 to 5 days (24), and then with acid (1.8 N) at room tem- 
perature with continuous extraction with ether. Even with this three-step 


TABLE V 


Typical Patterns of 17-Ketosteroids Isolated from Urine 
of Two Individuals in Mg. per 24 Hours 


11-Deoxy metabolites 11-Oxy metabolites 
Subject Subject 
Steroid Steroid 

A B A B 
Dehydroisoandrosterone 1.0; 2.1 | A%-Androstenolone 1.9 | 1.7 
Isoandrosterone 0.3 1.6 | A%-Etiocholenolone 0.5 | 0.2 
Androsterone 2.7 3.6 | 11-Ketoetiocholanolone 2.3 | 0.9 
Ktiocholanolone 5.7 | 3.8 | 11-Hydroxyandrosterone 0.8 | 0.9 
11-Hydroxyetiocholanolone} 0.2 | 0.0 
9.7 | 11.1 5.7 | 3.7 


hydrolytic procedure, appreciable amounts of A°-androstenolone and 
etiocholenolone have often been detected by the spectrophotometric — 
method. Two examples of the results yielded by this hydrolytic procedure — 
are given in Table V._ 1 day urine samples from two subjects were hydro- 
lyzed with 6-glucuronidase (4 days incubation), acid at room temperature © 
(urine made 1.8 N with 50 per cent sulfuric acid), and by heating at reflux © 
temperature for 30 minutes. The ether extracts from the three steps were © 
pooled and chromatographed by gradient elution on alumina. The quan- — 
tities of the A°-17-ketosteroids were estimated by the spectroscopic method — 
described above. Whether the A? compounds were present because they — 
are true metabolites or because their conjugates were not cleaved until the @ 
third hydrolytic step is not evident from these experiments. But these re- — 
sults, along with others, point to the necessity of estimating the A®-unsatu- ~ 


rated compounds in fractions containing androsterone and etiocholanolone. 
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In the course of other research, about 50 urine samples have been processed 
by the three-step hydrolytic procedure, and most. have shown, after chro- 
matography and spectrophotometric estimation, the presence of A°-andros- 
tenolone or A%-etiocholenolone or both. Similar results have been re- 
ported by Burstein, Savard, and Dorfman (25), who described isolation 
studies on urines hydrolyzed by the same three methods. These investi- 
gators examined the steroidal metabolites released by enzymatic and cold 
acid hydrolysis (pH 1) and also those metabolites remaining in the spent 
urine which were liberated only after acid hydrolysis at reflux temperature. 
In three instances, Burstein et al. succeeded in isolating and identifying 
unequivocally A*-androstenolone and A°-etiocholenolone (along with other 
metabolites) from extracts of the hot acid hydrolysis. 


SUMMARY 


Based upon the spectral differences which saturated and unsaturated 
urinary steroids exhibit in sulfuric acid, a spectrophotometric method for 
the analysis of binary mixtures of such steroids has been developed. It 
has been possible to determine the concentration of each steroid in the fol- 
lowing chromatographically homogeneous pairs of steroids: isoandrosterone 
and dehydroisoandrosterone; androsterone and A*-androstenolone; etio- 
cholanolone and A’%-etiocholenolone. When applied to chromatographic 
fractions from urinary extracts, the method gave results which were in 
good agreement with those obtained by a chemical procedure involving 
the isolation of the unsaturated components as their epoxides. 
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THE SULFHYDRYL CHARACTER OF p-AMINO 
ACID OXIDASE* 


By WILHELM R. FRISELL ann LESLIE HELLERMANT 


(From the Department of Physiological Chemistry, The Johns Hopkins University, 
School of Medicine, Baltimore, Maryland, and the Department of Biochemistry, 
University of Colorado, School of Medicine, Denver, Colorado) 


(Received for publication, August 6, 1956) 


In previous studies on p-amino acid oxidase, we have observed that the 
following equilibria can be selectively antagonized: 


FAD! + separated protein = FAD-protein (1) 
FAD-protein + amino acid = FAD-protein-amino acid (2) 


Thus, it was found that certain nitrogen compounds such as quinacrine, 
quinine (2), and various substituted auramines? apparently compete with 
the FAD for the enzyme protein in Reaction 1, while a wide variety of 


compounds that embody the configuration, —-C=—C—X~-, can interfere 
with Reaction 2 by competing with the amino acid substrate or its primary 
oxidation product (Hellerman (3); Frisell et al. (4)). 

In accord with other studies, we reported that p-amino acid oxidase is 
susceptible to yet a third kind of inhibition, as typified by its sensitivity to 
certain sulfhydryl-characterizing reagents (2), and therewith raised the 
question as to the function of sulfhydryl groups in a dissociable flavoenzyme 
system. From similar preliminary experiments with the same enzyme, 
Singer and Barron (5) and Singer (6) suggested that protein sulfhydryl 
groups might be involved directly in the binding of the substrate p-amino 
acids. Subsequent studies in this laboratory, however, have made it ap- 
parent that the sulfhydryl character of p-amino acid oxidase cannot yet 
be thus summarily defined. We have investigated the influence of re- 
agents (3) such as p-chloromercuribenzoate, o-iodosobenzoate, -(p-ar- 
senosophenyl)-n-butyrate, and phenylmercuric acetate on the processes 
outlined above. Although it is found that FAD partially protects the 
oxidase protein against the action of these agents by slowing their rate of 


* The work in this paper was supported by a research grant (No. C-392) from the 
National Cancer Institute, National Institutes of Health, United States Public 
Health Service. A preliminary report was presented before the American Society 
of Biological Chemists at Detroit, March, 1949 (1). 

t Inquiries regarding this article should be addressed to this author. 

1 Flavin adenine dinucleotide, FAD; glutathione, GSH; 2,3-dimercaptopropanol, 
BAL. 

? Hellerman, L., Frisell, W. R., and coworkers, unpublished data. 
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attack, our results do not support a concept that the enzyme sulfhydry] 
groups are concerned directly with the binding of b-amino acids. 

Our results disclose also certain pitfalls in the use of these reagents with 
the p-amino acid oxidases and suggest procedures for dealing with selected 
compounds (Chinard and Hellerman (3)) that possess dual inhibitory 
characteristics. 


Methods 


Reagents—The FAD was isolated by the method of Warburg and Chris- 
tian (7). Glutathione was obtained from the Schwarz Laboratories, Inc., 
and y-(p-arsenosopheny])-n-butyric acid and BAL were kindly supplied 
by Dr. Harry Eagle. Chloromercuribenzoic, cinnamic, and _ o0-iodoso- 
benzoic acids and phenylmercuric acetate were purified by appropriate 
recrystallization. 


p-Amino Acid Oxidase—The enzyme was extracted from both fresh pig | 


and fresh lamb kidney cortex by the method of Negelein and Brémel (8) 


with the usual partial loss of FAD. The ratio of the activity of the en- 
zymes in the presence of excess FAD to the activity without added FAD © 


averaged 1.5. 


Manometric Methods—The enzymatic activity was determined by the : 
estimation of oxygen consumption in Warburg flasks at 37°. The flask | 


mixtures were buffered at pH 8.3 with sodium pyrophosphate at a final 


concentration of 0.047 m. FAD concentrations in excess of 3 to 6 & 107-8 © 


M were sufficient to ‘‘saturate”’ the oxidase protein employed. 


The substrate was added from the side arms of the flasks except in those 2 
experiments designed to show the effect of addition of the inhibitor after — 
the enzyme, substrate, and FAD had been mixed. In the experiments — 


with phenylmercuric acetate, in which considerable inactivation of the 


enzyme was desired before the substrate was added, the enzyme and the ~ 
mercurial were incubated together in the main compartment before the ~ 
alanine and FAD were added simultaneously from the side arms. For the — 
determination of “dissociation” constants, the substrate and a competi- — 
tive inhibitor were equilibrated together in the side arms before addition 


to the main compartment. 
The rate of oxygen uptake.was increased somewhat in the presence of 


reduced glutathione. This effect was accounted for with proper controls | 


whenever glutathione was employed to reverse an inhibition. 


RESULTS AND DISCUSSION 


Effect of FAD on Inhibition by o-Iodosobenzoate and p-Chloromercuri- 4 
benzoate—The data of Table I? show that the order in which the FAD 


3 We wish to thank Dr. Robert W. Cowgill for performing some of the experiments 
reported in Table I. 
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and inhibitors are added to the solutions of pig kidney enzyme signifi- 
cantly influences the degree of inhibition. If FAD is added to the sep- 
arated protein 15 minutes before the inhibitor, or even simultaneously 
with it, there is less inactivation than when the inhibitor is added first. 
This protective action by FAD is further emphasized by the experiments 
in which glutathione was employed to reactivate the enzyme after inhibi- 
tor treatment. Thus, when FAD is presented to the apoenzyme before 
the inhibitor or simultaneously with it, the extent to which glutathione 
can reverse the inhibition is greater than when the inhibitor is added to 
the apoenzyme prior to the FAD. 


TABLE I 


Protective Action of FAD against Inhibition by o-Iodosobenzoate and 
p-Chloromercuribenzoate of Pig Kidney p-Amino Acid Oxidase 


Per cent inhibition with following order of addition of reagents* 


Inhibitor, I FAD | FAD 


eA 15 min I, FAD I, FAD 15 min. | 15 min. 

A FAD. min. 15 min. 4 
min. min. 
GSH, A A GSH, A 


o-Iodosobenzoate 


1.56 X 10-4 40 25 30 12 15 14 

6.25 X 10-4 97 20 8 80 8 
p-Chloromercuribenzoate 

3.13 & 1075 94 44 34 30 

6.25 X 1075 100 73 95 62 52 39 


* 1, GSH, and A designate inhibitor, glutathione, and alanine, respectively. 
‘15 min.’’ indicates the time interval in minutes between addition of reagents. 
The concentrations of p-alanine and FAD in these experiments were 0.023 mM and 
6 X 10-* M, respectively. The GSH concentrations were 20 times those of the inhibi- 
tors. See ‘‘Methods”’ for other details of the experimental procedure. 


These results indicate that FAD can partially protect the enzyme 
against the irreversible action of the sulfhydryl-characterizing reagents, 
and also that the role of FAD in this respect is to be distinguished from 
its reversible competitive action displayed in connection with such in- 
hibitors as quinacrine and quinine (2). The present findings are con- 
sistent with the simple picture that the extremely small dissociability of 
the FAD-enzyme protein (2) is related to a lowered availability of certain 
sulfhydryl groups for irreversible attack by the inhibitors in contrast to 
their sensitivity when FAD is absent. The possibility that these same 
sulfhydryl groups are concerned directly or indirectly with the binding of 
FAD remains to be investigated. In any event, the data of Table I dem- 
onstrate that the reaction of the presumed protein sulfhydryl groups with 
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chloromercuribenzoate and iodosobenzoate impairs over-all oxidative aec- 
tivity, suggesting that these groups are somehow involved in the catalytic 
function of the enzyme. 

These experiments also illustrate the apparent relative potencies of the 
sulfhydryl-inhibiting reagents with these enzyme-proteins. To produce a 
given level of inhibition, only one-tenth as much p-chloromercuribenzoate 
as o-iodosobenzoate is required when addition of the inhibitor to the en- 
zyme precedes introduction of FAD. This difference in activity is further 
evident when glutathione is employed to reactivate the inhibited enzyme. 
Yor example, after the inhibition by p-chloromercuribenzoate, GSH ap- 
pears to restore activity only partially, the inhibitions remaining between 
30 and 70 per cent over a 5-fold range of mercurial concentrations. With 
comparable levels of inhibition by iodosobenzoate, the reactivation by 
GSH is nearly complete. 

Nature of Substrate-Competitive Inhibition by p-Chloromercuribenzoate, 
o-Iodosobenzoale, and y-(p-Arsenosophenyl)-n-butyrate—With the above 
demonstration that p-chloromercuribenzoate and o-iodosobenzoate can at- 
tack the oxidase protein relatively irreversibly and that FAD can partially 
prevent such a reaction, it immediately became of interest to determine 
the relationship of substrate concentration to inhibition by these same 
compounds under conditions whereby excess FAD had first been added to 
the enzyme protein. In the initial experiments, three different concentra- 
tions of alanine were presented to the enzyme either before or after in- 
hibitor treatment (Table II). The results indicated that the extent of 
inhibition does not vary with the substrate concentration when the sub- 
strate is added to the enzyme after inhibitor treatment, suggesting that 
the affected sulfhydryl groups are not directly concerned with substrate 
binding. On the other hand, when the substrate (with FAD) was added 
to the enzyme before the inhibitors, significantly less inhibition occurred at 
the higher substrate concentrations (third and fifth columns). In or- 
der to probe this complex situation further, the inhibitor and alanine 
were presented to the enzyme simultaneously, with varying alanine con- 
centrations short of the amount required to saturate the enzyme. Ap- 
propriate treatment (9) of the kinetic data (Figs. 1 to 3) provided evidence 
that under these specific conditions the o-iodosobenzoate, p-chloromercuri- 
benzoate, and p-arsenosophenylbutyrate apparently can compete re- 
versibly with the substrate for the p-amino acid oxidase. Furthermore, 
in contrast to the difficultly reversible inhibitions described earlier in which 
the FAD concentration was limiting (Table I), the substrate-competitive 
action of the inhibitors now could be readily reversed by glutathione. 
For example, a 20-fold molar excess of GSH completely eliminated the 
inhibition by p-chloromercuribenzoate, doubtless by interaction there- 
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TABLE II 


Effect of Alanine Concentration on Inhibition by o-Iodosobenzoate and 
p-Chloromercuribenzoate of Pig Kidney p-Amino Acid Oxidase 


Per cent inhibition 
o-Iodosobenzoate, 3.13 1074 p-Chl ib te, 1.25 K 10-5 
p-Alanine, M 

ng Enzyme + FAD,A I Enzyme + FAD,A 
15 min. 15 min. 15 min. 15 min. 
FAD, A I ¥ I 

0.005 63 23 35 23 

0.010 58 6 31 13 

0.020 46 0 26 10 


*T and A designate inhibitor and alanine, respectively, and ‘‘15 min.’ indicates 
the 15 minute interval between the addition of the reagents. The concentration 


of FAD in these experiments was 6 X 10° m. See ‘‘Methods”’ for the other experi- 
mental details. 


+ 


100/ 


I/Vx 102 
x10? 


Fia. 1 Fia. 2 


Fic. 1. Substrate-competitive inhibition of pig kidney p-amino acid oxidase by 
p-chloromercuribenzoate and y-(p-arsenosophenyl)-n-butyrate. 1/V is the recipro- 
cal of microliters of O2 per 15 minutes. In Figs. 1 to 5, 1/S denotes the reciprocal of 
molarity of p-alanine. @, uninhibited reaction. Molarity of inhibitors: p-chloro- 
mercuribenzoate, 0, 4.98 10-5; O, 7.96 10-5; y-(p-arsenosopheny])-n-butyrate, 
+,1.01 K 10-4. 

Fic. 2. Substrate-competitive inhibition of pig kidney p-amino acid oxidase by 
o-iodosobenzoate. Conditions same as for Fig. 1. @, uninhibited reaction. Mo- 
larity of o-iodosobenzoate: 0, 1.50 * 10-3; O, 5.00 K 10-3; +, 1.00 * 10°?. 


with. The same thiol reduced the iodosobenzoate (K;, 1.3 * 107% Mm) to 
o-iodobenzoate, a much weaker inhibitor (K ;, determined to be 4.4 & 107? 
M). Under these same conditions the inhibition by the arsenoso com- 
pound was not significantly affected by GSH; this was, however, com- 
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pletely abolished with a 20-fold molar excess of 2,3-dimercaptopropanol, 
which forms a stable derivative‘ with the arsenoso compound. 

Irreversible Inhibition by Phenylmercuric Acetate—The experiments de- 
scribed thus far show that p-chloromercuribenzoate and o-iodosobenzoate 
not only can attack the separated protein of p-amino acid oxidase irre- 
versibly in the thermodynamic sense but in addition may function re- 
versibly as competitive inhibitors for the substrate. That is to say, these 
two sulfhydryl-inhibiting reagents function not solely as such, but in their 
role as substituted benzoates (12, 13) act independently as typical anionic 
inhibitors of the type described earlier (3, 4). In order to distinguish 


60 120 1802 


+ 


Fic. 3. Substrate-competitive inhibition of lamb kidney p-amino acid oxidase by 
p-chloromercuribenzoate and y-(p-arsenosopheny])-n-butyrate. 1/V is the recipro- 
cal of microliters of Oz per 20 minutes. @, uninhibited reaction. Molarity of in- 
hibitors: y-(p-arsenosopheny])-n-butyrate, O, 5.00 X 10-5; p-chloromercuribenzoate, 
+, 1.02 X 10~. 


more clearly the inhibition resulting from reversible competition with the 
substrate from inactivation that reflects a disturbance of the sulfhydryl 


‘The process of reduction (10) by glutathione converted o-iodosobenzoate to 
o-iodobenzoate, which is found here to retain a lesser but still measurable capacity 
as a substrate-competitor for p-amino acid oxidase. Similarly, the GSH binding of 
p-chloromercuribenzoate converts the latter agent to a new benzoate derivative 
which apparently is practically devoid of competitive action. Implicit in this inter- 
pretation is the assumption that the action of the mercuribenzoate upon the enzyme 
in the absence of added FAD described in an earlier section (Table I) was upon en- 
zyme —SH and that partial reactivation with GSH involved the restoration of en- 
zyme —SH as well as removal of any excess free mercuribenzoate, and, further, that 
under the conditions now described the mercuribenzoate was displaying substan- 
tially a different role, described below. With respect to the arsenoso compound, it 
should be recalled that agents of this class are more or less reactive with thiol group- 
ings, particularly with certain dithiols of suitable configuration such as lipoic acid 
or BAL. For another enzyme study, see Harris and Hellerman (11). In the present 
instance, the reagent, through its ionized arsenoso grouping presumably has assumed 
the role of an anionic competitor (4), “OOC—(CH,)3;—C.H,—As(OH)O-. 
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integrity of the oxidase molecule, attention was next focused on inhibition 
by phenylmercuric acetate. Since this mercurial lacks the benzoate con- 
figuration, it would be anticipated that its primary interaction with the 
enzyme system should involve uniquely the protein sulfhydryl groups. 
The pattern of inactivation of the pig and lamb p-amino acid oxidases by 
this compound is presented in Figs. 4 and 5. 

In contrast to the reversible substrate-competitive action of p-chloro- 
mercuribenzoate under the conditions in Fig. 1, the extent of inhibition by 
phenylmercuric acetate was independent of substrate concentration,® and 
could not be abolished with glutathione.* Thus, as illustrated by Curve 
2, Fig. 4, the alanine was unable to displace the phenylmercuric acetate 
from the enzyme surface, and although the inhibition might have seemed 
to be reversible and of the formally non-competitive (14) type, it could not 
be reversed by a 20-fold molar excess of reduced glutathione. In other 
words, the phenylmercuric acetate had attacked the protein even more 
drastically than p-chloromercuribenzoate. 

As calculated from Fig. 4, the K,, for the untreated pig enzyme was 
1.6 X 10-* m, while for the mercurial-treated oxidase K , was only slightly 
higher, 1.8 X 10-*m. This close agreement between the p-alanine-bind- 
ing constants for the two preparations suggests that the phenylmercura- 
tion of the protein has not significantly affected groups directly involved 
in substrate binding in the fraction of enzyme surviving attack under these 
conditions. This conclusion was strengthened when the phenylmercuric 
acetate-treated enzyme was itself subjected to an authentic substrate- 
competitive inhibitor such as cinnamate (4) (Fig. 4, Curves 3 to 5). It 
will be seen that the mercurial-treated enzyme exhibited the same sub- 
strate-competitive sensitivity to cinnamate as did the initial enzyme prep- 
aration (Curve 1). Moreover, the Keinnamate for the ‘“‘mercurial-treated”’ 
system, 1.4 X 10-‘M, is of the same order as for the initial oxidase protein, 
2.1 X M. 


> When low levels of phenylmercuric acetate were added to the enzyme simultane- 
ously with the alanine and FAD, the inhibition appeared to be reversible and sub- 
strate-competitive. However, it was later demonstrated that this apparent competi- 
tive action was related to an antecedent interaction of the mercurial and buffer 
pyrophosphate; when the same analyses were carried out in a glycine buffer with an 
enzyme preparation extracted without the use of pyrophosphate, the inhibition by 
the phenylmercuric acetate was quite independent of the substrate concentration. 
The p-chloromercuribenzoate, on the other hand, still inhibited substrate competi- 
tively under these conditions. Buffer effects as they relate to the action of the sev- 
eral inhibitors are under investigation. 

§ Sulfhydryl inhibitions frequently are reversed by the action of GSH, ete., but 
in the case of some ‘‘sulfhydryl enzymes” the attack by a mercaptide-forming agent 
apparently is accompanied by irreversible denaturation (3). It must be recalled 
also that these reagents are not absolutely ‘“‘specific’”’ for thiol groupings. 
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Similar results were obtained with a lamb kidney p-amino acid oxidase 
preparation (Fig. 5), the purity of which was comparable to that of the 
pig kidney preparation. In defining the conditions for the experiments 
summarized in Figs. 4 and 5, it was found that the pig enzyme could be 
irreversibly inactivated by 20 per cent in 20 minutes with as little as 
2.42 X 10-5 m phenylmercuric acetate, while the same quantity of lamb 
enzyme required twice this concentration of mercurial and twice the time 
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Fic. 4. Substrate-competitive inhibition of pig kidney p-amino acid oxidase by 
cinnamate superimposed on irreversible inhibition by phenylmercuric acetate. 1/V 
is the reciprocal of microliters of O2 per 20 minutes. @, uninhibited reaction. Mo- 
larity of inhibitors: cinnamate alone, +, 2.00 X 10-4; phenylmercuric acetate alone, 
O, 2.42 X 10-5; phenylmercuric acetate, 2.42 X 10-5, plus cinnamate: O, 1.50 X 10°; 
X, 2.00 X 10-4; A, 3.00 X 10~. 

Fic. 5. Substrate-competitive inhibition of lamb kidney p-amino acid oxidase by 
cinnamate superimposed on inhibition by phenylmercuric acetate. 1/V defined as 
in Fig. 4. @, alanine alone or with 9.7 X 10-‘ m glutathione; X, same, plus 9.00 X 
10-5 m cinnamate; +, alanine plus 4.84 K 10-5 m phenylmercuric acetate; 0, same 
plus 9.7 X 10-4 m glutathione; A, alanine plus 4.84 X 10-5 mM phenylmercuric acetate 
plus 9.7 X 10-4 m glutathione plus 9.00 X 10-5 mM cinnamate. See the text. 


of incubation for a comparable irreversible inhibition (Fig. 5, Curve 1). 
Indeed, even when the phenylmercuric acetate was incubated with the 
lamb enzyme for 25 minutes in the absence of added FAD and alanine 
(Curve 4), a large measure of the resulting inhibition could be reversed by 
glutathione (Curve 1). It will be recalled that such a reversal by gluta- 
thione was not possible with the pig enzyme. These observations confirm 
our earlier findings that the lamb enzyme seemingly is less sensitive to the 
sulfhydryl reagents than is the pig enzyme (2). 

However, the over-all pattern of inhibition of the two oxidases is the 
same. Thus, with the lamb preparation also, the initial untreated en- 
zyme preparation and the partially inactivated mercurial-treated material 
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displayed equivalent substrate-binding capacities (0.0057 and 0.0048 m), 
and in the competitive inhibition by cinnamate, Keinnamate Was 5.9 X 10-5 
m for the untreated oxidase (Curve 2) and 4.7 * 10-5 m for the mercurial- 
treated enzyme preparations (Curve 3). 


SUMMARY 


The activity of p-amino acid oxidase can be suppressed by sulfhydryl- 
reactive compounds such as p-chloromercuribenzoate, o-iodosobenzoate, 
y-(p-arsenosophenyl)-n-butyrate, and phenylmercuric acetate. Flavin 
adenine dinucleotide exerts a protective action by slowing the rate of at- 
tack of these agents on the apoenzyme. The inhibitions can be reversed 
in varying degree by reduced glutathione, depending upon the nature of. 
the agent and conditions employed. 

p-Chloromercuribenzoate and o-iodosobenzoate function not only as 
sulfhydryl-reactive agents, but, as substituted benzoates, they also can act 
independently as substrate-competitive inhibitors. On the other hand, a 
mercurial such as phenylmercuric acetate, devoid of carboxylate function 
but possessing the capacity for mercaptide formation, essentially inhibits 
irreversibly. Controlled reaction with this compound is observed to re- 
move a portion of the enzyme, with residual active protein retaining unim- 
paired affinity for the substrate or for an authentic substrate-competitive 
inhibitor such as cinnamate. Such findings leave little support for the 
concept that integral protein sulfhydryl groups of p-amino acid oxidase are 
directly concerned in the actual binding of amino acid substrates. The 
evidence does not, however, challenge the assumption of their essentiality 
here for enzymatic activity. 

Procedures were developed that permitted evaluation of the action of 
those agents possessing dual inhibitory characteristics. 
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THROMBOPLASTIC CELL COMPONENT, THE LIPOPROTEIN 
OF ERYTHROCYTES AND PLATELETS* 


By GEORGE Y. SHINOWARAT 
(From the Department of Pathology, The Ohio State University, Columbus, Ohio) 


(Received for publication, July 16, 1956) 


It was previously reported by this laboratory (1) that human blood cells 
contain a lipoprotein which reacts stoichiometrically with a non-clottable 
globulin in Cohn’s Fraction I (2, 3) and will quantitatively convert pro- 
thrombin into thrombin in the presence of ionic calcium alone. The 
biological activity of this lipoprotein, identified as thromboplastic cell com- 
ponent, was found to be associated not only with platelets but also, surpris- 
ingly, with leucocyte and platelet-poor erythrocyte fractions of normal 
human blood cells. However, thromboplastic activity in erythrocytes has 
been subsequently demonstrated by various investigators (4-6). The 
present communication includes data on the chemical, physical, and enzy- 
matic properties of highly purified lipoprotein fractions and on the relation 
of its thromboplastic cell component activity to erythrocytes and platelets. 


Materials and Methods 


Collection and Processing of Blood—Citrated blood for the preparation 
of highly purified lipoprotein fractions was collected in 500 ml. volumes and 
immediately cooled in ice. Centrifugation (+1°, 1650 X* g, 30 minutes) 
was begun within 1 hour after venipuncture. Plasma was siphoned off, 
and the packed cells were stored in aliquots at —20°. Unless otherwise 
indicated, the cells were used within 1 week. Specimens for the experi- 
ments on the morphological relationship of blood cells to thromboplastic 
cell component activity were collected as follows: 10 volumes of blood were 
obtained with a siliconized syringe containing 1 volume of 4 per cent sodium 
citrate solution, pH 7.3. All centrifugations were carried out at +1° and 
siliconized (General Electric Dri-Film) glassware was used throughout. 

Buffer—Citrate-phosphate buffer (pH 7.3; ['/2, 0.072; mhos per cm., 
0.0024) was used in all experiments unless otherwise indicated. A glass 
electrode electrometer, standardized daily, was employed for all pH de- 
terminations. 

Homogenization—A mechanical inverted blender was employed for the 


* Supported by grant No. H-1108 from the National Institutes of Health. Blood 
was obtained from volunteer donors enrolled by the American Red Cross. 

t Presented in part at the Fortieth annual meeting, Federation of American So- 
cieties for Experimental Biology, Atlantic City, April 17, 1956. 
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preparation of purified lipoprotein fractions. A minimal volume of buffer 
was added to cells or sediment and then blended for approximately 5 min- 
utes at 14,500 r.p.m. More buffer was then added to the homogenate and 
blending continued for half a minute. The temperature was maintained 
at around the freezing point by placing the glass blender jar at various 
levels in alcohol chilled to —20° with dry ice. For certain experiments, 
homogenization was achieved by ultrasonic oscillation with use of a 1000 
ke. transducer at +1° solution temperature and —7° bath temperature 
and for at least a 5 minute period. 

Ultracentrifugation —For all experiments, the temperature was main- 
tained at +1°, and the following instruments were used: above 32,000 x 
g, a Spinco preparative centrifuge with rotor No. 20; below 32,000 xX 4g, 
an International centrifuge PR-1 or the Spinco apparatus. 

Determination of Solids—The sediment or solution was lyophilized, be- 
ginning temperature —20° and pressure of 10 microns, in tared Pyrex tubes 
and in duplicate or triplicate. Lyophilization was continued at least 24 
hours after the tubes had reached room temperature and constant weight. 
Controls containing identical volumes of buffer were run simultaneously. 
The results by this technique, which was necessary in order to conserve 
material for other studies, were within 1 per cent of those obtained by pro- 
longed heating at 110° on simple proteins such as albumin. 

Thromboplastic Cell Component (TCC) Activity—Into each of about twelve 
tubes were pipetted 0.5 ml. of prothrombin fraction, 20.0 units per ml., 
and 0.5 ml. of thromboplastic plasma component (TPC) solution, approxi- 
mately 60 units per ml. To one (TPC control) was added 0.5 ml. of buf- 
fer, and to the other tubes 0.5 ml. of various dilutions of the TCC test ma- 
terial was added. The addition of 0.5 ml. of 0.025 m calcium chloride so- 
lution to each of the foregoing mixtures at 28° began the activation time. 
Thrombin was determined by adding 0.2 ml. aliquots to 0.8 ml. of 0.3 per 
cent fibrinogen solution at least twice during the last 5 minutes of the 30 
minute activation period. The highest dilution of the test material which 
resulted in the complete conversion of prothrombin to thrombin was con- 
sidered the end point. The TCC control activation mixture was similar 
to the above but did not contain TPC. The unit thrombin formed per 0.2 
ml. of activation mixture was determined from the standard National In- 
stitutes of Health thrombin-clotting time-curve previously established (7). 
The net TCC activity in units per 0.2 ml. of activation mixture was calcu- 
lated by subtracting from the unit thrombin of the test mixture the sum 
of the thrombin units in the TCC and TPC controls. 1 unit of TCC is 
defined here as the minimum required in the presence of a known excess of 
TPC and with optimal calcium concentration to convert 1 unit of prothrom- 
bin into 1 unit of thrombin (National Institutes of Health) within 30 min- 
utes, at pH 7.3, at 28°. Prothrombin, TPC, and fibrinogen reagents were 
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prepared from normal human plasma and have been previously described 
(1, 7, 8). 

Tyrosine—The tyrosine equivalent was determined by a microphotomet- 
ric application of the Folin-Ciocalteu (9) procedure. 

Nitrogen—Total and lipide nitrogen were determined on 2 to 4 mg. 
samples in triplicate by the micro-Kjeldahl procedure. 

Lipide Extraction—The lyophilized material was extracted three times 
with the Bloor solvent, approximately 1 ml. for every mg. of dry powder. 
The solvent was evaporated under a vacuum, and the resulting residue 
was extracted with washed petroleum ether (b.p., 30—-60°). All lipide analy- 
ses were performed in duplicate or triplicate on this final extract. 

Total Lipide—The solvent from an aliquot of the petroleum ether ex- 
tract was distilled in a vacuum until the resulting residue was at constant 
weight. 

Lipide Phosphorus—The total organic phosphorus on the extract and 
the solvent was determined by the method of Youngburg and Youngburg 
(10). 

Cholesterol——The free and total cholesterols were determined as the digi- 
tonide by the Schoenheimer and Sperry (11) method on the acetone-alcohol 
extract of the petroleum ether residue. 

Fatty Acid—The micromethod of Hunter, Knouff, and Brown (12) was 
employed. Determinations were also made on pure tristearin and on 
solvent controls. 

Iodine Number—Petroleum ether extract equivalent to approximately 
5 mg. of total lipide was pipetted into a glass-stoppered 25 ml. graduated 
cylinder. The solvent was evaporated, and 1 ml. of chloroform immedi- 
ately added, followed by 2.0 ml. of Wijs reagent diluted 2-fold with glacial 
acetic acid. After 1 hour in the dark, 1 ml. of 15 per cent potassium iodide 
solution and water to the 10 ml. mark were added; titration was carried 
out with 0.025 nN sodium thiosulfate and 1 per cent soluble starch indicator. 
Controls included the solvent and 2 to 4 mg. samples of pure oleic acid 
(m.p., 13.3°). 

Cell Counts—For platelet and erythrocyte counts on whole blood and its 
fractions, the sample was diluted in duplicate with 4 per cent sodium cit- 
rate, pH 7.3. If possible, a minimum of 500 erythrocytes and 100 plate- 
lets was counted in a hemocytometer under phase illumination. Leuco- 
cyte counts were performed on samples diluted with 2 per cent acetic acid, 
if large numbers of erythrocytes were also present. 


Results 


Stability of TCC in Frozen Blood Cells—Aliquots of packed blood cells 
from two normal individuals were stored at —25°. The definite decrease 
in TCC activity during the 25 week period is shown in Table I. In another 
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stability study on normal blood cells, ten specimens stored at —25° for 
less than 1 week averaged 28,100 TCC units per ml.; ten specimens stored 
1 to 12 weeks, 11,000 TCC units per ml. 

Preparation of Crude TCC Fractions—Approximately 50 ml. of packed 
cells were blended with about 75 ml. of citrate-phosphate buffer, brought 
to 1700 ml. volume, and centrifuged at 53,000 X g for 1 hour. The result- 
ing sediment was brought to 850 ml. volume and otherwise similarly treated 


TABLE I 


Thromboplastic Cell Component Activity in Human 
Blood Cells Stored at —25° 


TCC units per ml. cells =A 
Storage period 
Specimen DB Specimen PT 
wks. 
1 19,151 18,022 
4 10,445 16,406 
15 4,840 10, 297 
25 5,620 6,963 
TaBLeE II 


Weight and TCC Yields Obtained by Centrifugation of 
Human Blood Cell Homogenates at 53,000 XK gq 


Total solids Total TCC units TCC units per y solids 
Experiment | Blood cells 
| Sediment | | Sediment Sediment 
ml. gm. gm. 

41 53.4 15.057 | 0.284 0 | 1,098,000 | 0.000 3.866 
42 47.9 14.705 | 0.263 | 88,140 | 1,449,000 | 0.006 5.510 
43 53.0 16.137 | 0.399 | 27,176 | 1,024,000 | 0.002 2.566 
44 57.0 15.624 0.319 26 ,070 573,000 0.002 1.796 


until by the second or third centrifugation the supernatant fluid contained 
less than 5 mg. per cent protein. The final sediment was gelatinous in con- 
sistency and white to pink in color. The data from four consecutive ex- 
periments given in Table II indicate that from 94 to 100 per cent of the 
TCC activity can be recovered in the 53,000 X g sediment with the al- 


most complete removal of hemoglobin and other low molecular weight sub- | 


stances. This procedure was employed when maximal yield of TCC rather 
than chemical purity was the objective. 
Purification of Lipoprotein—The flow chart for the preparation of highly 
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purified Fraction f obtained by the differential centrifugation Procedure D 
of normal blood cell homogenate is given in Fig. 1. The weight yields and 
the TCC activities of the fractions obtained compared to those of the origi- 


lOO ml Whole Blood Cells 


extracted three times: to 
850 mi with buffer each time 


| hour | 53000 xg 


plus 80 ml buffer 
0.5 hour | 1650 xg 


Fraction b to 180 mi 
0.5 hour | 10,000 xg 


extrocted three times 
180 ml each 


O.5 now | 10000 « 9 


Vv 
680 ml 
Fraction ¢ 2 hours | 53,000 « g 


extracted four times: 
180 ml each 
0.5 hour | 10,000 xg 


v 
680 mi 
Fraction d 2 hours | 53,000 .9 


plus 160 ml buffer 
0.5 hour | 20,000 ag 


Fraction e Fraction f Fraction a 

Fic. 1. Flow chart for the ultracentrifugal preparation of highly purified TCC 
lipoprotein Fraction f. The sediment is indicated by a double arrow. The yields 
and TCC activities of these fractions are presented in Table III. 
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nal cells are presented in Table III. A 300-fold purification was achieved B ,,, 
as demonstrated by the 34.87 TCC units per microgram of solids in Frac. {;: 
tion f in contrast to the 0.11 unit per microgram in the original cells. te 

Chemical Properties of Lipoprotein Fractions Prepared by Various Pro-@ 


TaBLeE III of 


Weight Yields and Thromboplastic Cell Component Activities in Fractions Ob- (1 
tained by Differential Centrifugation of Normal Blood Cell Homogenate 


Description Units of TCC per 
Fraction Solids 
1000 X g Fraction 
mg 
>53 Supernatant* 30,448 .0 825, 507 0.03 
<2 Sediment 460.7 72,856 0.16 
2-10 188.8 135, 224 0.71 
20-53 44.4 665,188 14.98 
20-53 Supernatant 25.1 876 , 456 34.87 
Original........| 100 ml. normal whole blood | 32,003.0 | 3,404,780 0.11 
cells 
* The pool consisted of three series of centrifugations. 
TABLE IV 
Enzymatic and Chemical Properties of Lipoprotein Fractions 
Prepared by Various Ultracentrifugation Procedures ( 


Procedure A* | Procedure B* | Procedure C* | Procedure D* - 

Properties 1000-32,000 X |10,000-53,000 X | 10,000-53,000 X '20,000-53,000 X 

g, 1 series (1) | g, 1 series (6) | g, 2 series (8) | g, 3 series (7) 
Tyrosine, total, ...............- 2.34 3.15 2.48 1.95 
Phosphorus, lipide, %............. 0.39 0.55 1.49 1.87 | 
Cholesterol, free, %............... 4.31 13.02 18.41 30.78 ( 
Total lipides, by weight, %..... pe 20.00 55.21 § 


*See the text for details. The figures in parentheses represent the number of 
preparations by each procedure. 
t Per cent represents gm. per 100 gm. of solids. 
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cedures —In Table IV are presented the mean data on seven lipoprotein 
fractions prepared as described above compared to those obtained by other 
techniques. In Procedure C, the principal fraction resulted from two series 
of centrifugations between 10,000 and 53,000 & g. Procedure B is similar, 
except that there was only one series of centrifugations. The properties 
of the fraction obtained by Procedure A were previously reported in 1951 
(1). It is evident that with the continuation in the development of the 
centrifugation technique there was an increase in TCC units per microgram 


240 250 260 270 280 290 300 310 
muy 
hig. 2. The ultraviolet absorption spectra of highly purified TCC lipoprotein 
(O) and albumin (X). Citrate-phosphate buffer, pH 7.2; mhos per em., 0.00233. 
Maximal absorption wave length for human plasma albumin, 278 my. 


of solids of at least 160-fold and in the phospholipide and free cholesterol 
content, whereas the peptide nitrogen and tyrosine concentrations de- 
creased. The total lipide in fractions prepared by Procedures C and D 
could not be measured gravimetrically owing to failure in obtaining con- 
stant weight. The latter may have been associated with the high degree 
of unsaturation in the lipides as demonstrated by the iodine numbers 
(Wijs) averaging 134.6 (119.7 to 145.9) in four preparations. The iodine 
number for pure oleic acid found was 90.79, standard error +0.79 (theory, 
84.88). The total fatty acid concentration in four preparations averaged 
17.35 per cent with a range of 15.88 to 18.81 per cent. 

Physical Properties of Highly Purified Lipoprotein Fractions—In Fig. 2 
are the ultreviolet ebsorption spectra of Fraction 346 (85 TCC units per 
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microgram) and of human plasma albumin. Fig. 3 presents the Tiselius 
electrophoretic patterns of Fraction 34f. Ten lipoprotein fractions pre- 
pared by Procedures C and D had the mean mobility (XK 10-*° em.? volt 
sec.-') of —9.59 + 0.52 in contrast to that of twelve albumin preparations 
of —6.41 + 0.20 under identical electrophoretic conditions. Although in 
all the electrophoresis runs only one boundary was apparent, homogenicity 
was not demonstrated in these lipoprotein preparations by electron micros- 
copy. 70 to 80 per cent of the particles was round and 20 to 40 mu. in 
diameter, the remainder being larger and asymmetrical in shape or ag- 
gregates. For the microscopic observations, 1 drop of the lipoprotein 


Fic. 3. The electrophoretic patterns of highly purified TCC lipoprotein. Top, 
ascending boundary at 20 minutes. Bottom, ascending boundary at 60 minutes. 
Citrate-phosphate buffer, pH 7.2; mhos per cm., 0.00233; 1°. Mobilities (X 10-5 
volt! see.~'): ascending, —9.69; descending, —9.33. 


preparation was suspended on the screen for 5 minutes, drained off, dried 
24 hours, stained 5 minutes with vapors from 2 per cent osmic acid solution, 
washed, dried, shadowed with gold and palladium at a 1:3 ratio, and mag- 
nified 4200 times. 

Enzymatic Activity- -Fig. 4 presents data which demonstrate the capacity 
of minute amounts, as low as 0.16 y, of the TCC lipoprotein in the presence 
of excess TPC to convert completely 5 units of prothrombin to thrombin. 
TCC alone at the same concentration activated Jess than 6 per cent of the 
prothrombin. In activation-time experiments with similar concentrations 
of TCC and TPC, complete conversion of prothrombin was evident in 
less than 12 minutes and the thrombin formed remained at a constant con- 
centration for at least 40 minutes. These results, demonstrating the stol- 
chiometric relationship between TPC and TCC, confirm the data first re- 
ported in 1951 in which crude TCC preparations were employed (1). 
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Studies on Cell Fractions—Citrated whole blood, 15 ml., was first centri- 
fuged at 400 X g for 5 minutes, and the resulting supernatant “low 
speed” plasma was pipetted off. The subnatant liquid was then centri- 
fuged at 1650 X g for 15 minutes, and the “regular” plasma was obtained. 


> 480-9 
420.,6 


~. 
240- 


, 


TCC plus 0.2 mg TPC/ml 


08 16 40 48 64 


meg TCC/mi ACTIVATION MIXTURE 

Fic. 4. The conversion of prothrombin to thrombin by varying concentrations 
of TCC lipoprotein alone and with TPC. The activation mixture consisted of pro- 
thrombin, 5.0 units per ml.; calcium, 0.0062 m; pH 7.2; temperature, 27°; time, 30 
minutes. To 0.8 ml. of 0.3 per cent fibrinogen solution was added 0.2 ml. of activa- 
tion mixture, and the clotting time was obtained. Control activation mixtures when 
added to fibrinogen solution had the following clotting times: prothrombin plus cal- 
cium alone, no clot in 8 hours; prothrombin, TPC plus calcium alone, 420 seconds 
(0.03 thrombin unit per ml.). 


An aliquot of the latter was then centrifuged at 32,000 X g for 1 hour to 
give “high speed” plasma. Counts were made on all three plasma samples 
and then were centrifuged for 1 hour at 53,000 xX g. The cells from 
the 1650 X g centrifugation were separated into three fractions: “Buffy 
coat,” “top RBC,” and “bottom RBC.” The latter three fractions, as 
well as a sample of unfractionated whole blood cells, were resuspended in 
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citrate-phosphate buffer (['/2, 0.162; pH 7.3) and counts were made. The 
homogenates resulting from ultrasonic oscillation were diluted so that 1 
ml. of cell equivalent was suspended in 85 ml. of buffer at '/2 of 0.072 and 
then centrifuged at 53,000 X g for 1 hour. Determinations of TCC ac- 
tivity were made on the 53,000 X g sediments of the three plasma and 


TABLE V 
Thromboplastic Cell Component Activities of Whole Blood Fractions 
Million cells per fraction TCC units 
Description RCF X hrs. pet; 
Platelets |Erythrocytes| Leucocytes 
Low speed plasma...... 33 1585 7 4 1,612 
Regular plasma......... 412 187 0* 0 44 
High speed plasma...... 32,000 0 0 0 0 
Buffy coat.............. 412 223 1,330 45 4,854 
412 137 31,392 53 66, 261 
Bottom RBC........... 412 64 31,104 34 98 , 823 
2196 63 , 833 136 171,594 
Whole blood cells........ 412 3450 66 , 900 170 185,823 
% recovery........... 64 95 80 92 
* 70,000 cells. 
TaBLeE VI 


Thromboplastic Cell Component Activity and Dry Weight of Platelets and 
Erythrocytes in Four Normal Human Blood Specimens 


ight, 
Description of cells nie TCC uni unit 
r 
Average Range Average Range eels 
99 .3-99.4% platelets........... 0.73 |0.24-1.25) 3.88 | 2.26- 4.29) 0.19 
99 .3-99.8% erythrocytes....... 3.88 |1.76-4.51) 30.23 |28.73-32.00) 0.13 
Whole blood................... 3.63 |2.46-5. 38) 


four cell preparations. ‘The results of this experiment (Table V) indicate 
an apparent correlation of TCC activity with both platelets and erythro- 
cytes. This observation as well as the lack of correlation between TCC 
activity and leucocytes was confirmed in six other similar experiments 
which involve a total of twenty-nine blood cell fractions. The TCC and 
weight data on platelet and erythrocyte fractions, at least 99.3 per cent 
morphologically ‘‘pure,’’ and on whole blood cell samples are presented in 
Table VI. In eight normal specimens with erythrocyte counts between 
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4 and 5 million per c.mm. and platelet counts between 100,000 and 400,000 
per c.mm., TCC determinations were made on the whole blood cells, plate- 
let-rich low speed plasma, and buffy coat-erythrocyte layer. It was found 
that platelets accounted for 0.5 to 2.5 per cent of the total TCC activity 
in whole blood cells, the remainder being associated with the erythrocytes. 


DISCUSSION 


A lipoprotein fraction has been prepared from normal human blood cells 
having an average TCC activity of 29.23 units per microgram; 1.e., 0.034 
y of the material can quantitatively convert 1 unit of prothrombin into 1 
unit of thrombin in the presence of thromboplastic plasma component and 
ionic calcium alone. The preparation has the following physical proper- 
ties: with sedimentation at 53,000 X g but not at 20,000 X g, it is colorless, 
it has a definite ultraviolet absorption with no specific maximum or mini- 
mum despite the presence of tyrosine, and it has a high negative charge 
as evidenced by electrophoretic mobility 50 per cent greater than that of 
human albumin. Although there was apparently a single electrophoretic 
boundary, the homogenicity and molecular weight of the substance remain 
in question until, at least, analytical ultracentrifugation determinations 
and improvements in electron microscopy techniques for high lipide-con- 
taining peptides can be made. 

For reasons primarily associated with the limitations in sample size, 
complete and conclusive data for the identification and quantitative meas- 
urement of the peptide and the various lipide moieties were not obtained 
by direct determinations of individual fatty acids, nitrogenous bases in 
phospholipides, and amino acids. Nevertheless, certain observations in 
the present work can be utilized in reference to the probable nature and 
concentrations of the lipides, provided that certain assumptions are made, 
t.e. 4.0 per cent P in a phospholipide and 16.0 per cent N in a simple pep- 
tide. The mean per cent phospholipide concentration of the most highly 
purified preparations would be 46.7 calculated from the 1.87 per cent lipide 
P found. When the 30.8 per cent free cholesterol found is added to this, 
the per cent total lipide is 77.5. From the 5.23 per cent peptide N found, 
the protein moiety is 32.7 per cent, and, by difference, the total lipide con- 
centration is 67.3 per cent. The 1.35 per cent lipide N and the 17.35 per 
cent fatty acid concentrations found suggest a mixture of diamino- and 
monoaminophosphatides. ‘The observed iodine numbers averaging 134.6 
were obtained on the whole lipide extracts containing approximately two- 
sevenths fatty acids, three-sevenths cholesterol (theoretical iodine number, 
65.7), and two-sevenths nitrogenous bases and glycerol of phospholipides. 
Therefore, the occurrence of highly unsaturated fatty acids can be inferred. 

The results from experiments on fractions of intact blood cells indicate 
that TCC activity is associated with both platelets and erythrocytes but 
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not with leucocytes. ‘‘Pure’’ erythrocyte fractions have about the same 
TCC concentration per million cells as unfractionated whole blood cells 
and about 5 times more than in pure platelet fractions. However, the 
TCC units per microgram of cells (dry weight) are about the same in 
platelets and in erythrocytes. In the present study, TCC levels on seven- 
teen normal individuals averaged 25,500 units per ml. of whole blood cells 
(range, 10,100 to 30,047), with erythrocytes accounting for 97.5 to 99.5 
per cent of the total activity. Nevertheless, the 50 to 750 TCC units per 
ml. of blood cells from platelets are in the range of significant concentra- 
tions in respect to the quantitative conversion of prothrombin, the mean 
normal value of which is 81.8 + 14.5 units per ml. of plasma (13). Simi- 
larly, because of its high concentration in erythrocytes, less than 0.5 per 
cent destruction of these cells could result in the release of effective amounts 
of TCC lipoprotein. Perhaps the latter may be the explanation for the 
thromboplastic activity in the particulate oxalate plasma fraction sedi- 
menting at 31,000 X g, reddish brown in color and with 0.1 to 1.0 y per 


ml. of yield reported by Chargaff and West (14) in 1946. Certainly the © 


results here are in agreement with their conclusion that the plasma fraction 
probably included a variety of corpuscular products in addition to the 
thromboplastic protein. In this (see Table V) and in the previous report 
(1), and in the unpublished work of this laboratory, neither TCC nor throm- 
boplastin activity could be detected in sediments obtained between 32,000 
and 144,000 X g from fresh citrated human plasma. Experiments are in 


progress which are designed to assess the relative roles of platelets and of | 


erythrocytes in respect to TCC activity in the blood coagulation mecha- 
nism. 


SUMMARY 


A highly purified lipoprotein fraction prepared by differential ultracen- 
trifugation of human blood cell homogenates consists of peptide, free 
cholesterol, and phospholipide in about equal proportions. Evidence is 
presented suggesting that the fatty acids are highly unsaturated. Elec- 
trophoretic analyses disclose a single boundary and a mobility 50 per cent 
greater than that of albumin. Ultraviolet and electron microscopy data 
are also reported. The lipoprotein has thromboplastic cell component ac- 
tivity; 0.034 y can quantitatively convert 1 unit of prothrombin into 1 
unit of thrombin (National Institutes of Health) in the presence of throm- 
boplastic plasma component and ionic calcium. This activity is associated 
in normal human blood with both erythrocytes and platelets. 


The author is grateful to Miss Dimite J. Buckley, Miss Marilyn J. Her- 
ritt, Mrs. Dolores M. Johnston, and Miss Persis Townsend for their excel- 
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lent technical assistance, and to Dr. J. B. Brown, Professor of Physiological 
Chemistry, not only for the pure oleic acid and tristearin but also for his 
valuable suggestions. 
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PURIFICATION AND PROPERTIES OF A 
BACTERIAL RIBOSIDE HYDROLASE 


By YASUYUKI TAKAGI* anv B. L. HORECKER 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, July 30, 1956) 


The first hydrolytic systems for the cleavage of nucleosides were re- 
ported by Kalckar (1), who described inosine hydrolases in several Lacto- 
bacillus species, and by Carter (2), who observed the hydrolytic cleavage of 
uridine by enzyme fractions from bakers’ yeast. These enzymes do not 
require phosphate or arsenate. Similar enzymes have been demonstrated 
in bacteria, yeast, and fish muscle, although phosphorylative mechanisms 
(3) are more widely distributed. Heppel and Hilmoe (4) were able to sepa- 
rate completely the phosphorolytic and hydrolytic enzymes for purine 
nucleosides from yeast; pyrimidine nucleosides were not attacked by either 
fraction. Evidence for separate hydrolytic enzymes specific for purine 
and pyrimidine nucleosides was obtained by Lampen and Wang (5) in 
extracts of Lactobacillus pentosus. ‘Tarr (6) purified two hydrolytic en- 
zymes from the muscles of certain marine fishes: one was a non-specific 
riboside hydrolase, capable of splitting purine ribosides and cytidine; 
the other was a specific inosine hydrolase. Lawrence (7) reported the 
hydrolysis of adenosine and other nucleosides by intact spores of Bacillus 
cereus, even after these were heated to 100°. A heat-stable enzyme capable 
of hydrolyzing adenosine and inosine was found by Powell and Hunter 
(8) to be associated with the insoluble fraction of disintegrated spores of 
B. cereus. 

Tabor and Hayaishi (9) used a partially purified preparation of the 
Lactobacillus delbrueckii enzyme described by Kalckar (1) for the hydroly- 
sis of imidazoleacetic acid riboside, which suggested that this enzyme might 
be a relatively non-specific riboside hydrolase. In the present paper a 
procedure for the purification of this enzyme from L. delbrueckii is described. 
It has now been shown to catalyze the hydrolytic cleavage of a large num- 
ber of natural and synthetic ribosides and appears to be highly specific 
for the 6-ribofuranoside linkage. 


Methods 


Materials—Inosine, adenosine, guanosine, xanthosine, uridine, and cyti- 
dine were commercial products. The following compounds were gener- 
* Fellow of the Jane Coffin Childs Memorial Fund for Medical Research. This in- 
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ously provided by Dr. G. B. Brown of the Sloan-Kettering Institute 


for Cancer Research: 2-hydroxy-9-8-p-ribofuranosyladenine (crotonoside), 


2 ,6-diamino-9-8-p-ribofuranosylpurine, 2,8-dichloro-9-8-p-ribofuranosy]- 
adenine, 9-8-p-ribopyranosylguanine, 9-8-p-ribofuranosylpurine, 9-f-p- 


ribopyranosylpurine, 5,6-dimethyl-1-8-p-ribofuranosylbenzimidazole, and | 


thymine riboside. Uric acid riboside was provided by Dr. C. E. Carter 
of Yale University, and the anomeric ribose 1-phosphates were generously 
furnished by Dr. H. G. Khorana of The University of British Columbia. 


5 ,6-Dimethy]-1-a-p-ribofuranosylbenzimidazole was obtained by hydrol- : 


ysis with potato phosphatase from the ribotide which was a gift of Profes- 
sor A. R. Todd of the University of Cambridge. Puromycin aminonucleo- 


side and other aminoribose derivatives were a gift of Dr. R. B. Angier : 
of the Lederle Laboratories Division, American Cyanamid Company. _ 


5 ,6-Dimethy]-1-8-p-ribofuranosylbenzimidazole and the corresponding a 


isomer were kindly provided by Dr. Karl Folkers of Merck and Company, 
Inc. Nicotinamide riboside was prepared from the ribotide generously 


provided by Dr. L. Shuster of the National Cancer Institute. Imidazole- | 


acetic acid riboside was furnished by Dr. H. Tabor of this Institute. 
Adenine-8-C (Schwarz Laboratories, Inc.) was provided by Dr. H. Eagle 
of the National Institute of Allergy and Infectious Diseases. 

Xanthine oxidase was purified from cream as described by Horecker 
and Heppel (10) through the ammonium sulfate step. This solution was 
stable when stored at —16°. Acid phosphatase was purified from potato.! 

The organism used in these experiments was L. delbrueckii 9649 (Ameri- 
can Type Culture Collection). The inoculum was prepared by transferring 
cells from a stab culture into a medium? containing (per 100 ml.) 1 gm. of 
Difco Bacto-tryptone, 1 gm. of glucose, 1 gm. of Difco Bacto-yeast extract, 
0.15 gm. of KzHPO,, 0.05 gm. of KH2PO,, 0.02 gm. of MgSO,-7H.0, 
and 1 gm. of sodium acetate. All incubations were at 38° without aeration. 
3 liters of the medium in a 4 liter flask were inoculated with 10 ml. of a 20 
hour culture. After 20 hours of incubation the cells were harvested at 2° 
with the Sharples supercentrifuge and washed once with cold distilled 
water. The yield of wet cells was 3 to 4 gm. per liter. The packed cells 
were stored at —16° until needed. 

Analytical Methods—Cleavage of the ribosides was followed in several 
ways. With inosine or xanthosine as substrate, the spectrophotometric 
procedure of Kalckar (11) was used; uric acid formed by the action of 
xanthine oxidase was measured by its absorption at 290 mu. The splitting 


of uridine was also followed spectrophotometrically at 280 muy; at this wave < 


length uridine and uracil show markedly different absorption at neutral 


1A. Kornberg, unpublished procedure. 
2? Q. Hayaishi, unpublished procedure. 


¢ 


be 
AR 
| 


Y. TAKAGI AND B. L. HORECKER 79 


pH (2). For more precise determinations of uracil the reaction mixture 
was brought to pH 12 and the increase in density at 290 my was meas- 
ured (2, 12). For other substrates, reducing sugar formation was deter- 
mined by the Nelson-Somogyi method (13, 14), or by the procedure of 
Park and Johnson (15). In the case of uridine and imidazoleacetic acid 
riboside the reaction was followed by the appearance of orcinol-reactive 
pentose (16), since these nucleosides do not give the test until they are 
hydrolyzed. Nicotinamide riboside cleavage was measured spectrophoto- 
metrically by means of the cyanide method of Colowick eé al. (17). Pro- 
tein was determined by the colorimetric phenol method (18). 


Results 
Purification Procedure 


Enzyme Assay—lIn the routine assay of riboside hydrolase, inosine was 
the substrate. The reaction mixture contained 0.25 umole of inosine, 0.65 
ml. of 0.05 m citrate buffer at pH 6.0, 0.02 ml. of xanthine oxidase (0.25 
mg. of protein), and enzyme in a total volume of 1.02 ml. The reactions 
were carried out at room temperature in a 1.0 cm. cuvette; increase in opti- 
cal density was measured at 290 my with the Beckman spectrophotometer. 
Sufficient enzyme was added to maintain the observed rate between 0.020 
and 0.030 density unit per minute; in this range xanthine oxidase did not 
become limiting. A unit of enzyme activity was defined as the amount of 
enzyme required to cause a change in optical density of 1.0 per minute. 
Specific activity was the number of units per mg. of protein. 

Extraction—The first steps in the procedure were adapted from the 
method of Tabor and Hayaishi (9). 5 gm. of frozen cells were ground (19) 
at 2° for 5 minutes with 12.5 gm. of Alumina A-301 and the resulting paste 
was extracted with 30 ml. of 0.05 m citrate buffer, pH 6.0. The insoluble 
residue was removed by centrifugation at 12,000 X g for 10 minutes. 
(“Extract,”’ 27.5 ml., Table I). 

Ammonium Sulfate Fractionation I—The cell-free extract was treated 
with 2g volume of protamine sulfate (Eli Lilly and Company) solution 
(10 mg. per ml.) and centrifuged. 14.0 gm. of ammonium sulfate were 
added to 43 ml. of the supernatant solution and the precipitate was removed 
by centrifugation. A second fraction was collected by the addition of 6.3 
gm. of ammonium sulfate to 50 ml. of the supernatant solution. This pre- 
cipitate was dissolved in 18 ml. of distilled water (“Ammonium sulfate I,” 
18.5 ml.). 

Calcium Phosphate Adsorption I—A pilot run was made to determine the 
minimal amount of calcium phosphate gel required for complete adsorp- 
tion. A typical experiment was as follows: The ammonium sulfate fraction 
(18.5 ml.) was treated with 40.5 ml. of calcium phosphate gel (5.6 mg. dry 
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weight per ml., 1 to 3 weeks old). This gel was collected by centrifugation 
and washed twice with 10 ml. portions of 0.025 m phosphate buffer, pH 
6.2, and once with 10 ml. of 0.025 m phosphate buffer, pH 6.75, following 
which the enzyme was eluted with two 10 ml. portions of 0.005 m pyro- 
phosphate buffer, pH 8.6 (‘‘Calcium phosphate eluate I,’’ 18.0 ml.). 

Calcium Phosphate Adsorption I[]—The eluate was adjusted to pH 6.2 
with about 1 ml. of 0.1 N acetic acid and again treated with calcium phos- 
phate gel. In this case, 17 ml. of gel were added and washed with three 
10 ml. portions of 0.025 m phosphate buffer, pH 6.2, and the activity was 
eluted with 10 ml. of 0.005 m pyrophosphate buffer, pH 8.6, and 10 ml. of 
0.01 m pyrophosphate buffer, pH 8.6. The last two eluates were combined 
(“Calcium phosphate eluate II,” 17.5 ml.). 

Ammonium Sulfate Fractionation II—To concentrate the enzyme the 
combined eluates were brought to pH 6.2 with about 1 ml. of 0.1 N acetic 


— fe 


TABLE I 
Purification of Riboside Hydrolase from L. delbrueckii 


RIROSE 


Fraction Total units Specific activity 


unils per mg. 


112 0.7 
Ammonium sulfate [............ 95 2.0 
Calcium phosphate eluate I..... 72 4.5 : 
Ammonium sulfate II........... 25 33.0 


acid and the activity was adsorbed on 4.5 ml. of calcium phosphate gel and 
eluted with two 1 ml. portions of 0.1 Mm phosphate buffer, pH 7.7. To the | 
combined eluates (1.6 ml.) were added an equal volume of saturated am- | 
monium sulfate at room temperature (adjusted with ammonium hydroxide 

to pH 7.5) and 0.4 gm. of ammonium sulfate. The mixture was cen- 
trifuged and the precipitate was discarded. The supernatant solution 

was mixed with 0.45 gm. of ammonium sulfate and centrifuged, and the 
precipitate was dissolved in 0.005 mM pyrophosphate buffer, pH 8.6 (‘‘Am- 
monium sulfate II,’’ 3 ml.). 


Properties of Enzyme 


Stability—The final preparations were stable and stored in the frozen 
state for more than 6 months without loss of activity. At the stage of 
Ammonium sulfate I, about 30 per cent of the activity was lost in 24 
hours; however, the calcium phosphate gel eluates showed negligible loss 
of activity when kept frozen overnight. The purified enzyme is relatively 
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stable in 0.1 M phosphate buffer at pH 7.5 or 0.005 m pyrophosphate buffer 
at pH 8.6 and unstable in 0.1 m phosphate buffer at pH 6.2; however, much 
activity was lost on lyophilization or dialysis even against the alkaline 
buffers. 

Effect of pH—The pH optimum with inosine or uridine as the substrate 


INOSINE 


4 


- URIDINE 


= 


19 T T T 


+—INOSINE 


T 


OPTICAL DENSITY AT 290 mu 
OPTICAL DENSITY AT 280 my 


! 


oH MINUTES MINUTES 
Fia. 1 Fia. 2 


Fic. 1. Effeet of pH on the velocity of the riboside hydrolase reaction with ino- 
sine or uridine as substrate. The reaction mixtures contained 0.65 ml. of 0.05 m 
buffer solution, 0.25 uwmole of inosine, and 0.015 ml. of enzyme (specific activity = 22 
units per mg.) or 0.17 umole of uridine and 0.1 ml. of enzyme in a total volume of 
1.0ml. Incubation was for 30 minutes at 25°; free ribose was determined by reducing 
sugar with the Nelson-Somogyi procedure (13, 14). Buffers, pH 4.2 to 6.0, citrate, 
@; pH! 5.6 to 7.7, phosphate, @. 

Fic. 2. Action of riboside hydrolase on inosine and uridine in various buffers. 
0.25 umole of inosine or 0.17 wmole of uridine was incubated with 0.02 ml. and 0.15 
ml. of purified enzyme (specific activity = 32 units per mg.), respectively, in the 
presence of 0.65 ml. of the buffer indicated (0.05 m) in a total volume of 1.02 ml. 
The rate of cleavage was indicated by the change of optical density at 290 my in the 
presence of an excess of xanthine oxidase (0.02 ml.) for inosine and at 280 my for uri- 
dine. The reactions were initiated by the addition of the inosine or uridine at zero 
time. O, citrate, pH 6.0; @, phosphate, pH 6.0; ®, phosphate, pH 6.0, and MgCl. 
(0.005 M). 


Was similar and near 6.5 (Fig. 1). Under the conditions of the assay the 
rate changed very little with variation in pH from 6.0 to 6.7. 

Effect of Anions—Lampen and Wang (5) reported the pyrimidine nu- 
cleosidase of L. pentosus to be stable only in the presence of divalent anions, 
such as phosphate and sulfate, whereas the purine nucleosidase was stable 
in tris(hydroxymethyl)aminomethane buffer but rapidly inactivated in 
phosphate buffer. The activity of the L. delbrueckii enzyme with inosine 
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or uridine as substrate was not affected by a number of anions tested 
(Fig. 2). No requirement for Mgt* could be detected with any of the 
buffers used. No loss of activity was observed when the enzyme was 
preincubated with buffer under these conditions. 

In general the behavior of L. delbrueckii riboside hydrolase in the pres- 
ence of various salts presents a different pattern from that seen with the 
L. pentosus enzyme (5); no effect of divalent ions on the stability or activity 
of the enzyme was observed. 

Substrate Specificity—Crude enzyme preparations hydrolyzed inosine, 
adenosine, guanosine, cytidine, and uridine. Inosine, adenosine, and gua- 
nosine at 2.5 X 10-4 m were hydrolyzed at nearly equal rates, while cyti- 


TaBLeE II 
Substrate Activity with Various Enzyme Fractions 
Substrate Crude extract® | Ammonium sulfate IIt 
103 | 127 103 
70 | 85 | 90 
| 43 | 47 | 54 


| 6 | 10 | 7 


The incubation mixtures contained 0.25 umole of substrate, 0.3 ml. of 0.05 M citrate 
buffer, and 0.02 ml. of each enzyme preparation in 1.0 ml. After 10 minutes at room 
temperature, an aliquot of the incubation mixture was analyzed for redueing sugar 
by the Park and Johnson method (15). The rate with inosine in each case was taken 
as 100. 

* Specific activity = 0.6 unit per mg. 

t Specific activity = 3.4 units per mg. 

t Specific activity = 22.0 units per mg. 


dine and uridine at the same concentration were hydrolyzed, respectively, 
at one-half and one-tenth the rate with inosine. In the course of purifi- 
cation, no change in the relative activity with these substrates was ob- 
served (Table II), suggesting that a single enzyme responsible for this 
activity is present in the extracts. The enzyme was also active with a 
number of synthetic ribosides. The relative rate of hydrolysis of these 
substrates at the same level of concentration is shown in Table III, in 
which the rate of cleavage of inosine is represented by 100. Except for xan- 
thosine and uric acid riboside, which were attacked very slowly, all of the 
8-ribofuranosides tested were hydrolyzed, while 8-ribopyranosides were in- 
active as substrates. a-Ribofuranoside and aminoribosides were not at- 
tacked, nor were the a- or §-ribofuranosyl phosphates. Absence of 
activity with the phosphate esters excludes these compounds as inter- 
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mediates in the cleavage of ribosides. Xanthosine and uric acid riboside 
were split very slowly, if at all, but proved to be strong competitive in- 


TABLE III 
Comparative Rate of Hydrolysis of Natural and Synthetic Ribosides 


Substrate Comparative rate 


2-Hydroxy-9-8-p-ribofuranosyladenine (crotonoside)...... . 10 
2,6-Diamino-9-8-p-ribofuranosylpurine.................... 76 
2,8-Dichloro-9-8-p-ribofuranosyladenine................. 38 
0 
§-Dimethylamino-9 
purine (puromycin aminonucleoside).................... | 
§6-Dimethylamino-9 
Imidazoleacetic acid 


The incubation mixtures (1.0 ml.) contained 0.3 ml. of citrate buffer (pH 6.0, 
0.05 mM), 0.25 wmole of substrate, and 0.02 ml. of purified hydrolase (specific activ- 
ity = 22 units per mg.). After 30 minutes at room temperature, an aliquot of the 
mixture was analyzed for free ribose by the Park-Johnson or Nelson-Somogyi pro- 
cedure or in some cases by the orcinol method. When the cleavage was very slow, 
the reaction was continued for 1 hour, and aliquots were chromatographed with 5 
per cent Na2HPO,-isoamy! alcohol according to Carter’s directions (20) to confirm 
the absence of free base. Materials on paper were visualized in the ultraviolet light. 


hibitors. Thus, in the presence of equimolar quantities of xanthosine, 
inosine hydrolysis was inhibited 50 per cent, indicating nearly equal affini- 
ties of the enzyme for the two nucleosides. The same was true with 
uric acid riboside. None of the other inactive substrates showed com- 
parable inhibitory effects. 


‘ 
Ma 
_ 
Ay 
al 
2 
al 
‘he 
a3 
be 


84 BACTERIAL RIBOSIDE HYDROLASE 


Effect of Substrate Concentration—Whereas at 2.5 K 10-4 M, cytidine was 
hydrolyzed at about one-half the rate observed with inosine, at higher 
concentrations of substrates (2.56 &K 10-% mM) the rate was somewhat faster 


TABLE IV 
Stoichiometric Data 


Substrate Ribose formed Base 


3.3 wzmoles of inosine or uridine were incubated in 1.95 ml. of 0.05 m citrate buffer, 
at pH 6.0, in the presence of 0.09 ml. or 0.6 ml. of the purified enzyme (specific ae- 
tivity = 22 units per mg.), respectively. The total volume was 3.0 ml. and the reae- 
tion was followed by determination of reducing sugar. After complete hydrolysis 
at room temperature, an aliquot of the incubation mixtures was chromatographed 
on Whatman No. 1 filter paper. The inosine hydrolysate was developed with bu- 
tanol saturated with 10 per cent urea (20), and the uridine products were chromato- 
graphed with butanol-ethanol-water according to Carter’s directions (2). Ma- 
terials were located with a Mineralight lamp and eluted from paper with water, and 
the bases were determined spectrophotometrically. Ribose was determined by the 
orcinol method. 


TABLE V 
Isotope Content of Adenosine during Hydrolysis in Presence of Adenine-8-C™ 


Incubation time | Adenosine Adenine | Ribose 


min. | pmole c.p.m. prtoles c.p.m. umole 
0  <200 300 0 

45 0.67 | <200 1.16 | 17,600 0.32 

65 | 0.5 | < 200 | 1.33 17,800 0.55 


Adenine-8-C'™ was incubated with 1 wmole of non-isotopic adenosine in the pres- 
ence of 0.05 ml. of purified enzyme (specific activity = 22 units per mg.) and 0.65 ml. 
of 0.05 M citrate buffer at pH 6.0. The total volume was 1.0 ml. The reaction was 
followed by determination of reducing sugar. After 45 and 65 minutes aliquots of 
0.2 ml. were heated in a boiling water bath for 2 minutes, placed on Whatman No. | 
filter paper, and chromatographed with butanol saturated with 10 per cent urea (20). 
The bases were eluted with water for spectrophotometric analysis and determination 
of radioactivity. 


with cytidine than with inosine. With uridine at the higher concentra- 
tion the rate was about 14 per cent that obtained with inosine. The af- 
finity constants (K,) calculated according to Lineweaver and Burk (21) 
were 3.1 X 10-4, 14.5 & 10-4, and 25.1 X 10-4 mole per liter for inosine, 
cytidine, and uridine, respectively. Optimal conditions for other sub- 
strates were not studied. 
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Products of Reaction—With inosine and uridine, it was determined by 
paper chromatography that hydrolysis proceeded to completion. The 
chromatograms showed only a single spot under ultraviolet light with 
Ry corresponding to that of the hypoxanthine or uracil standards. Stoi- 
chiometric data are presented in Table IV. The amount of ribose formed 
on hydrolysis was nearly equivalent to that of free base produced. 

When the enzymatic hydrolysis of adenosine was allowed to proceed to 
the extent of 32 and 55 per cent in the presence of C'-labeled adenine, 
there was no significant incorporation of isotope into the adenosine (Table 
V). This appears to exclude exchange or reversal reactions. 


DISCUSSION 


On the basis of the results described in this paper, L. delbrueckii has 
been shown to contain a riboside hydrolase which differs from that found in 
other organisms studied. In contrast to the findings of Lampen and 
Wang (5) and Tarr (6), a single enzyme is present which is active with a 
large number of 8-ribofuranosides. Pyranosides were not attacked and 
the only a derivative available, 5,6-dimethy]-1l-a-p-ribofuranosylbenzimi- 
dazole, was not hydrolyzed. Ribose 1-phosphates (@ or 8) were not 
cleaved. The rate of hydrolysis appeared to depend on the chemical struc- 
ture of the substrate. Xanthosine and uric acid riboside were split very 
slowly compared to inosine, and 2-hydroxy-9-8-p-ribofuranosyladenine 
(crotonoside) was hydrolyzed at nearly one-tenth the rate of guanosine 
and adenosine. The cleavage of uridine was about one-tenth that of 
cytidine. Thus, the presence of a hydroxyl group in the 2 position of 
purine or pyrimidine seems to interfere with nucleoside cleavage and this 
effect is enhanced when additional hydroxyl groups are present as in 
xanthosine, uric acid riboside, or uridine. On the other hand, the intro- 
duction of a 6-hydroxy group alone into the purine nucleus does not prevent 
rapid cleavage, since inosine and guanosine were split more rapidly than 
purine riboside. A 2-amino group does not appear to have a significant 
effect on the reaction. 

MacNutt (22) has described the enzymatic transfer of the deoxyribosyl 
group from one purine or pyrimidine to another and this activity is present 
in L. delbrueckii extracts. <A similar transfer of the ribosyl group could 
not be demonstrated with the crude or purified nucleoside hydrolase prepa- 
ration. Thus, the splitting of uridine was not increased in the presence of 
hypoxanthine and tracer experiments with adenine-8-C" also showed no 
reversibility of the hydrolytic reaction. 

Schlenk (23) has suggested the possibility that hydrolyzing nucleosidases 
might be derived from phosphorylating nucleosidases, the phosphorolytic 
capacity being lost in the process of isolation. This appears unlikely in 
the present case, since no phosphate requirement was detected with the 
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crude or purified enzyme preparations and there was no formation of 
ribose from ribose 1-phosphate. Ribose was the only sugar formed in the 
hydrolysis of inosine or uridine. 

The hydrolysis of the benzimidazole ribosides is of interest, since Wacker 
and Weygand (24) have observed the inhibition of growth of Lactobacillus 
leichmannii by 5,6-dimethyl-1-8-p-ribofuranosylbenzimidazole and have 
suggested that the base liberated by a bacterial enzyme is the actual in- 
hibitor. 


SUMMARY 


1. Riboside hydrolase has been purified about 50-fold from the extract 
of Lactobacillus delbrueckii. No evidence for phosphate or magnesium ion 
requirement has been found. 

2. Of a number of ribosides tested, only 6-ribofuranosides were hydro- 
lyzed. There was no change in the relative rates of hydrolysis of various 
substrates with purification, indicating that a single enzyme is present. 

3. This enzyme catalyzes an irreversible reaction which proceeds to 
completion. A mixture of the ribosides obtained from nucleic acid digests 
can be hydrolyzed completely. 
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THE t-XYLULOSE-XYLITOL ENZYME AND OTHER POLYOL 
DEHYDROGENASES OF GUINEA PIG 
LIVER MITOCHON DRIA* 


By SIEGFRIED HOLLMANN? anp OSCAR TOUSTER 


(From the Department of Biochemistry, Vanderbilt University 
School of Medicine, Nashville, Tennessee) 


(Received for publication, July 30, 1956) 


The mitochondria of guinea pig liver contain an enzymatic system 
which can reduce L-xylulose, the characteristic sugar in the urine of pento- 
suric individuals, to xylitol (2). In view of the possible importance of 
this system in the normal metabolism of the ketopentose, further investi- 
gation has been made of the transformation and of its possible relationship 
to other enzymatic reactions. We reported briefly (3) that a preparation 
obtained from the insoluble portion of ruptured guinea pig liver mitochon- 
dria contains at least two distinct polyol dehydrogenases (‘‘ketose reduc- 
tases’””): (1) a triphosphopyridine nucleotide (TPN)-dependent enzyme 
which catalyzes the interconversion of L-xylulose and xylitol, and (2) a 
diphosphopyridine nucleotide (DPN)-dependent system which acts on 
p-xylulose and xylitol as well as on several other ketoses and polyols. 
The present paper describes the preparation of these enzymes in soluble 
form and characterizes them in regard to substrate specificity, stability, 
and other properties. 


EXPERIMENTAL 


Materials—u-Xylulose was prepared by isomerization of L-xylose in 
pyridine (2). p-Xylulose was obtained from p-xylose by a similar pro- 
cedure. Xylitol was prepared by refluxing p-xylose for 7 hours in 100 
parts of 70 per cent ethanol containing 10 parts of Raney nickel (aged 5 
months) (4). The filtered solution was evaporated, under vacuum, to a 
green syrup which was extracted with boiling absolute ethanol. Evapora- 
tion of the extract yielded a light yellow syrup which crystallized from 
ethanol. Three recrystallizations from ethanol and, finally, one from 
methanol gave a total yield (including fractions from mother liquors) of 
36 per cent, m.p. 91.5-92.5°. Dr. N. K. Richtmyer, of the National In- 


* This study was supported by a grant from the National Science Foundation. A 
preliminary account was presented before the Forty-seventh annual meeting of the 


_ American Society of Biological Chemists at Atlantic City, April, 1956 (1). 


t Fulbright Scholar, 1955-56; aided by a grant from the United States Department 
of State. Permanent address, Physiologisch-chemisches Institut der Universitat, 
Géttingen, Germany. 
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stitute of Arthritis and Metabolic Diseases, generously furnished L-threitol, 
p-arabitol, p-talitol, p-gulitol, L-iditol, p-glycero-p-mannoheptitol (volemi- 
tol), p-glycero-p-glucoheptitol (8-sedoheptitol), L-glycero-p-mannoheptitol 
(perseitol), p-sorbose, b-iditol hexaacetate, and a-p-altroheptulose hexa- 
acetate. The p-iditol derivative was catalytically deacetylated at room 
temperature with barium methoxide. Since in this procedure a good 
crystalline product was not obtained, paper chromatographic assay was 
employed to estimate the amount of the desired polyol in the preparations 
tested. The deacetylation of the altroheptulose derivative was carried 
out with barium methoxide at 0°. Paper chromatography indicated that 
a high yield of sedoheptulose was obtained. 

The following substrates were kindly contributed by other investigators: 
p-ribulose (as the o-nitrophenylhydrazone), Dr. B. L. Horecker, of the 
National Institute of Arthritis and Metabolic Diseases; L-ribulose, Dr. 
W. A. Wood and Dr. F. Simpson, of the University of Illinois; L-fuculose (as 
the o-nitrophenylhydrazone), Dr. M. Greene and Dr. 8. S. Cohen, of the 
Children’s Hospital of Philadelphia; L-erythrulose, Dr. G. C. Mueller, of 
the University of Wisconsin; L-mannitol, Dr. E. Baer, of the Banting 
Institute. All other substrates were commercial samples. Erythritol, 
L-arabitol, and dulcitol were obtained from the Mann Research Labora- 
tories, Inc.; p-mannitol (mannite), from Merck and Company, Inc.; ribitol 
(adonitol), from the Nutritional Biochemicals Corporation; p-sorbitol, from 
Matheson, Coleman, and Bell; p-fructose, from the Difco Laboratories, 
Inc.; L-sorbose, from the Pfanstieh] Chemical Company; allitol, p-manno- 
heptulose, and p-glucoheptulose, from General Biochemicals, Inc. 

DPN, DPNH, and TPN were products of the Pabst Laboratories and 
of the Sigma Chemical Company. These coenzymes were at least 90 per 
cent pure. Muscle lactic dehydrogenase was purchased from the Worth- 
ington Biochemical Corporation, and spinach chloroplast TPN- diaphorase 
was a gift from Dr. Andre Jagendorf of the McCollum-Pratt Institute, 
The Johns Hopkins University. According to Dr. Jagendorf, 1 unit of 
enzyme is the amount causing a change in optical density of 1.0 Beckman 
unit per minute at 620 my with 2,3,6-trichlorophenol-indophenol as the 
electron acceptor. He advised us that 1 unit per 3.0 ml. of reaction mix- 
ture would be an ample excess of enzyme. 

Methods—All spectrophotometric measurements were made with a 
Beckman model DU spectrophotometer. Unless otherwise indicated, sub- 
strate specificity tests were carried out at 23° in quartz cuvettes having 
approximately 3 ml. capacity and a 1.00 cm. light path. Contents of a 
typical test solution (3.0 ml. total volume) were as follows: 0.3 ml. of 0.5 
M tris(hydroxymethyl)aminomethane (Tris) buffer at pH 8.1, 0.3 ml. of 
0.08 m MgCl, 0.3 ml. of enzyme extract, 0.392 umole of coenzyme, and 
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19.7 umoles of polyol or 6.66 wmoles of ketose. When several substances 
were tested during an experiment, they were usually added in 0.05 ml. of 
water in order to minimize changes in concentration of components already 
present. ‘Total volumes of 1 ml. were used for a few substrates available 
in very limited amounts, all components being reduced proportionately. 
Readings were made against solutions containing all components except 
substrate. 

Color reactions used for identification of ketoses were (1) the cysteine- 
carbazole reaction (5), (2) the orcinol reaction (6), with a 40 minute heating 
period, and (3) a cysteine-sulfuric acid reaction kindly furnished by Dr. G. 
Ashwell of the National Institute of Arthritis and Metabolic Diseases.! 
Before carrying out the various colorimetric analyses, reaction mixtures 
were deproteinized by addition of 2 volumes each of 5 per cent ZnSQ,-- 
7H,0 and 0.29 x Ba(OH):2 and of 5 volumes of water, the reagents having 
been adjusted in strength to yield a final pH of approximately 7.2. 

Preparation of Enzyme—The entire procedure was carried out at 0-2° 
except when otherwise indicated. The liver mitochondria of fasted guinea 
pigs (Carworth Farms, Inc.) were prepared as described previously (2), 
except that the mitochondrial pellet was washed three times with 0.15 m 
KCI]-0.01 m NaHCO;. For the mitochondria from 30 to 40 gm. of liver, 
the volumes of these successive washes were 180 ml., 120 ml., and, finally, 
a volume equal to 53 per cent of the weight of the liver used (yielding a 
suspension equivalent to a “65 per cent homogenate” of the liver). After 
the last centrifugation (10 minutes, 3400 r.p.m., International PR-1 cen- 
trifuge, rotor No. 823), the pellet was suspended in the “53 per cent” 
volume of water. The suspension was allowed to stand for 1 hour, and 
then the rupturing of the mitochondria was completed with a motor-driven 
homogenizer composed of a Teflon pestle and smooth glass tube. Mito- 
chondria could no longer be detected by phase microscopy. The insoluble 
portion of the ruptured particles was collected by centrifugation at 10,000 
r.p.m. for 10 minutes in the high speed attachment (rotor No. 296) of the 
International centrifuge. The precipitate (the ‘‘mitochondrial residue’’) 
was at times tested directly, in which case it was suspended in the 53 per 
cent volume of water. In other experiments the precipitate was washed 
with water or with phosphate buffer prior to testing its activity. 

To liberate the dehydrogenases, the residue was subjected to a modifica- 
tion of Morton’s butanol procedure for the isolation of succinic dehydro- 
genase (7). In a typical experiment, the mitochondrial residue from 43 
gm. of liver was suspended in 25 ml. of 0.02 m sodium phosphate buffer at 
pH 7.88, the total volume being 33.5 ml. The suspension was cooled to 
—4° to —5°, and 13.4 ml. (40 per cent of the volume of the residue suspen- 
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sion) of n-butyl alcohol were slowly added, with continuous stirring, from 4 
capillary burette. The addition was carried out over a period of at least 30 
minutes. An addition time of 1 to 2 hours seems to enhance recovery of 
most of the dehydrogenases, but a specific study of this variable was not 
made. The mixture was stirred for 30 minutes after completion of the 
butanol addition. The emulsion was centrifuged at 19,000 r.p.m. for 30 
minutes, the butanol layer was decanted, the mat of denatured protein was 
removed with a spatula, and the clear, yellow aqueous layer filtered into 
a flask for lyophilization. The primary purpose of the lyophilization is to 
remove the butanol, since dialysis inactivates the TPN enzyme. The 
dried product can be dissolved in water and filtered to yield a solution which 
is stable for many weeks in the refrigerator. 


Results 


Properties of Mitochondrial Restdue—Practically all of the activity of 
the mitochondria towards L-xylulose is present in the insoluble portion 
of the particles, the supernatant solution after centrifugation having negli- 
gible action on the pentose. However, if the residue is washed with water, 
it is no longer active in the presence of the usual constituents of the incuba- 
tion medium, namely, phosphate buffer, MgCl., and glutamate. (Adeno- 
sine triphosphate was also added because it had been required in early 
mitochondrial experiments (2).) On the assumption that the washing 
process removes soluble glutamic dehydrogenase which adheres to the 
precipitate, DPNH was substituted for the glutamate. Fig. 1 shows that 
this replacement led to utilization of the ketose. The interpretation of 
this experiment is not clear. Addition of the soluble mitochondrial portion 
plus glutamate did not permit xylulose utilization by the washed residue 
or by enzyme rendered soluble. Furthermore, as will be evident. below, 
relatively little of the L-xylulose enzyme can be obtained in soluble form 
if the residue is washed with water preliminary to the butanol treatment. 
Nonetheless, the experiments with washed residue and DPNH led to em- 
phasis on the pyridine nucleotide requirement and therefore facilitated 
initial studies on the soluble extract. 

Some experiments on the mitochondrial residue (unwashed) indicated 
that (1) Tris buffer and phosphate buffer are equally useful, (2) the optimal 
pH for i-xylulose disappearance is approximately 7.5, and (3) magnesium 
chloride and glutamate are required for maximal activity. The mito- 
chondrial residue could convert xylitol to ketopentose to a small extent 
(5.8 per cent) if DPN and methylene blue were added to the usual medium 
at pH 7.42. However, increasing the alkalinity was more effective than 
addition of coenzyme and dye in reversing the reaction. A 15 per cent 
vield was obtained in 90 minutes ina flask containing 0.1 ml. of 0.5 m Tris 
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buffer at pH 9.0, 0.1 ml. of 0.08 m MgCle, 20.7 umoles of DPN, 19.9 umoles 
of xylitol, and 0.2 ml. of a suspension of mitochondrial residue (in 0.02 m 
phosphate buffer at pH 7.9) equivalent to a 50 per cent homogenate of 
whole liver in a total volume of 1.0 ml. The ketopentose was determined 


—UNWASHED MITO. RES 
. GLUTAMATE + ATP 
° GLUTAMATE 
eMITO RES. + GLUTAMATE 

© |---WASHED MITO. RES. 
GLUTAMATE * ATP SOL. EXTRACT + DPNH 
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5 
uj 607 > 60; 
WwW 
5 40; S 40. 
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0 45 O 45 30 

TIME IN MINUTES TIME IN MINUTES 
Fia. 1 Fig. 2 


Fic. 1. Utilization of t-xylulose by insoluble portion of ruptured mitochondria. 
Each flask contained 0.3 ml. of 0.5 m glutamate, 0.9 ml. of 0.154 m phosphate buffer 
at pH 7.4, 0.3 ml. of Tris buffer at pH 7.6, 0.3 ml. of 0.08 m MgCl:, 0.6 ml. of a sus- 
pension of residue in the 53 per cent volume of water, and 20 umoles of xylulose. 
ATP was added as 0.3 ml. of a 0.06 m solution; total volume, 3.0 ml. The flask in the 
DPNH trial contained 26.6 umoles of Naz DPNH and 13.3 uwmoles of L-xylulose in a 
total volume of 2.0 ml., all other components being reduced proportionately. The 
washed residue was prepared by twice suspending a portion of a residue preparation 
in the 53 per cent volume of water and collecting it each time by centrifugation for 
10 minutes at 16,000 r.p.m. Analysis of Ba-Zn filtrates by the cysteine-carbazole 
method. 

Fic. 2. Utilization of L-xylulose by enzyme solution obtained from mitochondrial 
residues. The flask with residue contained 0.3 ml. of 0.5 m glutamate, 0.9 ml. of 
0.154 m phosphate buffer at pH 7.4, 0.3 ml. of 0.08 m MgCls, 0.6 ml. of residue in the 
53 per cent volume of water, 0.3 ml. of the soluble portion of ruptured mitochondria, 
and 20 umoles of xylulose; total volume, 3.0 ml. (The soluble mitochondrial fraction 
was later found to be unnecessary.) The extract was tested in a solution containing 
0.3 ml. of 0.154 m phosphate buffer at pH 7.4, 0.1 ml. of 0.08 m MgCl, 13.3 umoles of 
Na,DPNH, 0.2 ml. of enzyme extract, and 6.66 umoles of xylulose; total volume, 1.0 
ml. Analysis of Ba-Zn filtrates by the cysteine-carbazole method. 


in Ba-Zn filtrates by the cysteine-carbazole method. The residue had no 
action on L-erythrulose, L-sorbose, or L-arabitol. 

Soluble t-Xylulose-X ylitol System—Fig. 2 shows that extraction of the 
L-xylulose-reducing enzyme is accomplished in high yield. It should 
be noted that the ratio of DPNH to L-xylulose in this experiment was 2:1. 
Early in the work with the soluble enzyme solution it was found that, if 
the coenzyme is limiting (xylitol to coenzyme ratio of 50:1), TPN is much 
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more effective than DPN in promoting the dehydrogenation of xylitol. PF im 
was tentatively assumed that the enzyme resembled other infrequently | rit 
encountered enzymes which are not very specific in their coenzyme require. tic 
ment. However, tests of ketose reduction in the presence of limiting | pl 
amounts of the reduced coenzymes indicated clearly that they act in dif- | a 
ferent enzymatic reactions. DPN is involved in the interconversion of | de 
xylitol and p-xylulose and of several other polyols and their corresponding ar 
ketoses. ‘TPN, on the other hand, is the coenzyme in the interconversion | in 
of xylitol and L-xylulose by an enzyme which has unique substrate speci- | m 
ficity.2 With TPN (or TPNH for ketoses), the following compounds are | as 
practically inactive as substrates: L-threitol, erythritol, ribitol, p-arabitol, | 1. 
L-arabitol, p-sorbitol, dulcitol, p-mannitol, L-mannitol, p-talitol, p-gulitol, |) T 
p-iditol, w-iditol, allitol, p-glycero-p-mannoheptitol, p-glycero-p-gluco- |b! 
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Fic. 3. Substrate specificity test of TPN system. Procedure as described under 

‘‘Methods’’ (3 ml. cells). 1 
heptitol, L-glycero-p-mannoheptitol, L-erythrulose, p-ribulose, L-ribulose, 
p-xylulose, p-fructose, p-sorbose, L-sorbose, L-fuculose, sedoheptulose, a 
p-mannoheptulose, and p-glucoheptulose. Only the p-gulitol could be x 
considered to have slight activity; this indication may have been due to 0 
a trace of impurity. A typical substrate specificity test is illustrated in d 
Fig. 3. The influence of pH on the equilibrium point is shown by the ef- a 
( 


fects of the HCl additions in lowering the final concentration of TPNH. 
Except for L-xylulose, no ketose caused a decrease in absorption at 340 
mu. The identification of the xylitol product as xylulose has already been 
reported (3), the evidence having been based upon absorption spectra of 
the colors produced in the orcinol and in the cysteine-carbazole reactions 
and on the rate of color formation in the latter test. 

Efforts were made to increase the yield of ketose. The first experiment 


2 We suggest that this enzyme be named “‘L-xylulose (xylitol) reductase.’’ The 
existence of the two xylitol enzyme systems reported in this paper, as well as our 
recent finding (unpublished) of L-arabitol, perhaps derived from L-xylulose, in 
pentosuric urine, makes it desirable to include both the ketose and polyol in the 
name. 
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involved the use of borate, but 20 umoles of this agent, added at equilib- 
rium to the regular incubation mixture, increased the TPNH concentra- 
tion by only a small amount. Even a solution containing Tris buffer at 
pH 9.0, MgCl:, enzyme extract, and a xylitol to TPN ratio of 1:1.3 gave 
a yield of only 2.7 per cent (by cysteine-carbazole analysis after Ba-Zn 
deproteinization). Dr. Jagendorf’s TPN-diaphorase was then used in 
an attempt to increase the yield. One experiment with 2 ,6-dichlorophenol- 
indophenol was unsuccessful, but methylene blue proved useful. For one 
methylene blue trial the initial composition of the incubation mixture was 
as follows: 0.50 ml. of 0.5 m Tris buffer at pH 8.12, 0.50 ml. of 0.08 Mm MgCle, 
1.0 ml. of guinea pig enzyme solution, 329 uwmoles of xylitol, 2 units of 
TPN-diaphorase, 16.44 pwmoles of TPN, and 20.5 umoles of methylene 
blue in a total volume of 2.8 ml. Two further additions of enzymes and 
water were made during the 25 hour incubation at 21—23° (with occasional 
shaking of the flask). The final amounts were for guinea pig enzyme, 2.0 
ml.; diaphorase, 6 units; total volume, 5.0 ml. The yield of ketopentose 
was 5.8 per cent. A similar experiment involved the use of 12 units of the 
diaphorase, 32.86 umoles of TPN, and an incubation for 28 hours at 24—26°. 
The yield was 7.2 per cent. 

It has been shown that equal amounts of xylulose and TPNH are formed 
in a solution containing buffer, MgCle, xylitol, and TPN (3). It was 
therefore possible to determine, without directly measuring the amount of 
xylulose formed, the equilibrium constant for the reaction 


Xylitol + TPN+ = t-xylulose + TPNH + Ht 


The enzyme preparation used in determining the constant had been heated 
at 50° for 20 minutes, a treatment which usually causes a slight increase in 
activity. With incubation mixtures initially containing 22.97 uwmoles of 
xylitol, 0.4576 wmole of TPN, 0.35 ml. of 0.5 m Tris buffer, 0.35 ml. of 
0.08 Mm MgCle, and 0.35 ml. of heated enzyme solution in a total volume of 
3.00 ml., and with final pH values of four flasks varying from 6.96 to 8.70, 
an average K of 8.58 X 107'' m was obtained after the 4 hours required for 
equilibrium to be established. 

Other Properties of TPN System—An experiment has been reported which 
shows that little L-xylulose enzyme is obtained if the mitochondrial residue 
is washed three times with water prior to the butanol treatment (3). Ap- 
proximately 40 per cent of the activity is lost if the residue is washed twice 
with 0.02 m phosphate buffer at pH 7.88 prior to extraction of enzyme. 
This is in contrast to the effect on the DPN-dependent enzymes, which 
are increased in yield (or activity) if the residue is first washed with either 
water or phosphate (see below). 

Another property of the L-xylulose enzyme by which it can be contrasted 
with the other dehydrogenases is its ready inactivation by dialysis. Reac- 
tion between TPN and xylitol could not be detected with enzyme which 
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had been dialyzed against water (3 ml. of extract, 2 liters of water at 2° | 
16 hours of dialysis). Even with use of the procedure of Nicholas and} 


Nason (8), in which the dialysis membrane is first soaked in 0.15 m phog. 


phate at pH 7.4 containing 10-* m glutathione and the dialysis is then | 
carried out against 0.10 m phosphate containing 5 X 10-* m cysteine, only | 
37 per cent of the activity of undialyzed enzyme was obtained. The dial. 


ysis time was 16 hours. 


In spite of the lability of the enzyme to dialysis and to washing of the} 
mitochondrial residue, it is stable in aqueous solution for many weeks at} 
2° and for 20 minutes at 50°. It is stable at pH 4 for 2 hours at 2° and, as | 
many long spectrophotometric experiments show clearly, at pH 9 for sey. | 


eral hours at room temperature. 


The xylitol-L-xylulose interconversion catalyzed by the soluble enzyme | 
preparation is almost completely inhibited by 0.004 m iodoacetate, a finding | 
in accord with the results obtained with intact mitochondria (2). Amino- | 
pyrine, a weak inhibitor of the mitochondrial system (2), had no effect at | 
a concentration of 0.02 m. Although magnesium chloride was always in- | 
cluded in the medium, the question of its essentiality is still undecided. | 
Magnesium ions were clearly necessary for full activity of particulate prep- | 
arations. With enzyme rendered soluble, magnesium chloride had a small | 
stimulatory effect and 0.002 m sodium versenate caused only a little in- | 


hibition. 0.003 m dinitrophenol was without effect. 


Substrates for DPN-Dependent Transformations—Evidence for the exist- } 
ence of more than one mitochondrial polyol dehydrogenase was obtained | 
when the enantiomorphic forms of xylulose were tested in incubation mix- 
tures containing DPNH and TPNH formed by the dehydrogenation of | 
xylitol. With DPNH, t-xylulose had little effect, but p-xylulose caused a} 
rapid decrease in concentration of the reduced coenzyme. Studies men-} 
tioned above showed clearly that the DPN and TPN enzyme systems dif- | 
fered in their response to various treatments.*? The substrate specificity | 


of the DPN system was then studied with the view towards obtaining a 


more complete characterization, especially in relation to the “soluble”? (non- | 
particulate) liver polyol dehydrogenase of Blakley (9), which catalyzes the | 


interconversion of xylitol and p-xylulose (10). Table I summarizes these 
substrate specificity tests. The typical behavior of several active sub- 
strates is shown in Fig. 4, together with the inhibitory effect of 0.004 
iodoacetate. The lack of substrate activity of L-xylulose, L-sorbose, and 
D-fructose (all used in 6.66 umole amounts) and the rapid reduction of 


p-xylulose and of p-ribulose were shown directly in experiments with crys | 


*The DPN and TPN systems have recently been separated from each other (R. 
Wohl and O. Touster, unpublished results) . 
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talline DPNH. In these experiments, readings were made against solu- 
tions containing substrate but no coenzyme. Corrections were made for 


TABLE I 
Specificity of DPN System 
Polyols Ketoses 
— Indicated reaction 
Substrate |Reactivity Substrate Reactivity 
L-Threitol + L-Erythrulose + L-Threitol = L-eryth- 
rulose 
Erythritol 
Xylitol 4. p-Xylulose + Xylitol — pv-xylulose 
Ribitol +- p-Ribulose + Ribitol — p-ribulose 
p-Arabitol L-Ribulose 
t-Arabitol L-Xylulose 
p-Sorbitol p-Fructose +* p-Sorbitol p-fruc- 
tose 
p-Iditolf p-Sorbose 
L-Iditol + L-Sorbose +* L-Iditol — L-sorbose 
Dulcitol 
p-Mannitol 
t-Mannitolf 
p-Talitol 
p-Gulitol 
Allitol -- 
L-Fuculoset 
p-Glycero-p-gluco- + Sedoheptuloset p-Glycero-p-gluco- 
heptitol heptitol — 1-gulo- 
heptulose (?){ 
t-Glycero-p-man- p-Mannoheptulosef} — 
noheptitol 
p-Glycero-p-man- -- p-Glucoheptulosef 
noheptitol 


* Activity could be detected only when used at concentrations 24 times that used 
with other active ketoses (see under ‘‘Methods” and “‘Hexitol-ketohexose trans- 
formations’’). 

t 1.0 ml. reaction mixtures were used in these cases. All other substances were 
tested in standard 3 ml. procedure described under ‘‘Methods.”’ 

t It is possible that sedoheptulose is the ketose reactant and that, owing to an 
especially low equilibrium constant, a very high concentration would be required to 
show its activity. 


the slow decrease in DPNH concentration which occurred in the absence 
of a reactive ketose. 

Xylitol-p-Xylulose Interconversion—Our previous report (3) presented 
evidence that the dehydrogenation product of xylitol in the presence of 
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DPN is xylulose and that equal amounts of the ketopentose and reduced 
coenzyme are produced. Equilibrium constants at various pH values were 
determined as described above for the xylitol-L-xylulose transformation, 
except that DPN was substituted for the TPN and that five flasks with 
final pH values varying from 7.01 to 8.76 were employed. An average K 
of 1.55 & 10-"§ m was obtained. 

Efforts to increase the yield of ketopentose were based on coupling of 
the transformation to pyruvate with lactic dehydrogenase. ‘Two different 
batches of the polyol dehydrogenase gave xylulose yields of 2.5 and 5.9 per 
cent, respectively. In the latter experiment the incubation mixture had 
the following initial composition: 0.5 ml. of 0.5 m Tris buffer at pH 8.12, 
0.5 ml. of 0.08 Mm MgCl, 1.0 ml. of guinea pig enzyme solution, 329 umoles 
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Fic. 4. Activity of DPN system in interconversion of ribitol and p-ribulose and : 


of xylitol and p-xylulose; inhibition of ketopentose reduction by iodoacetate. Pro- 


cedure as described under ‘‘Methods”’ (3 ml. cells). The sodium iodoacetate was ; 


added as 0.22 ml. of a 0.06 m solution. 


of xylitol, 0.2 ml. of a 1:250 dilution of Worthington lactic dehydrogenase 
in 0.01 m NaCl, 32.86 umoles of DPN, and 300 umoles of sodium pyruvate 
in a total volume of 3.0 ml. During the 28 hour incubation at 24-26° 
(with occasional shaking of the flask), two 0.5 ml. additions of guinea pig 
enzyme and five 0.2 ml. additions of lactic dehydrogenase solution were 
made. In the former experiment, in which the lower yield was obtained, 
only half these amounts of lactic dehydrogenase and DPN were employed. 

The xylitol-p-xylulose enzyme system was usually activated somewhat 
by preliminary washing of the mitochondrial residue (see below) and by 
dialysis. Like the L-xylulose enzyme, it is stable between pH 4 and 9 and 
is inhibited by 0.004 m iodoacetate (Fig. 4). 

Ribitol-p-Ribulose Transformation—It was of interest to characterize the 
product of the DPN-ribitol reaction. A reaction mixture similar to the 
one employed with xylitol (3) was used, 90 mg. of charcoal (Darco G-60) 
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per 1.8 ml. of Ba-Zn filtrate being required to yield a DPN-free solution 
for the orcinol determination. The peaks of the absorption spectrum of 
the color produced had the following ratios: 540:670 my, 0.75; 435:670 
my, 0.63. Authentic ribulose gave ratios of 0.75 and 0.66, respectively. 
Both the ribitol product and ribulose showed the same rapid attainment 
of maximal color in the cysteine-carbazole test (less than 10 minutes). 
Coupling of the ribitol dehydrogenation to lactic dehydrogenase and sodium 
pyruvate, with the same procedure as was used with xylitol, gave keto- 
pentose yields of 3.2 and 5.4 per cent, the comparable values for xylitol 
being 2.5 and 5.9 per cent, respectively. The similar yields of xylulose 
and ribulose from the corresponding pentitols might suggest that the same 
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Fic. 5. Reaction of DPNH with relatively high concentrations of p-fructose and 
L-sorbose. Procedure as described under ‘‘Methods”’ (3 ml. cells). Unless other- 
wise indicated, the amounts of polyols and ketoses added were 19.7 and 6.66 umoles, 
respectively. 


O-4 


enzyme was catalyzing the two reactions. However, not all enzyme 
preparations had similar ratios of activity towards the two pentitols. With 
all enzyme preparations, xylitol and p-xylulose reacted more rapidly than 
did ribitol and p-ribulose, respectively. Fig. 4 shows a comparison of the 
two pentitol reactions and the inhibition of p-ribulose reduction by iodo- 
acetate. 

Heritol-Ketohexose Transformations—These reactions presented a prob- 
lem because the usual spectrophotometric assay procedure failed to show 
activity of the ketohexoses expected to be produced from p-sorbitol and 
from L-iditol (Fig. 5, A). p-Sorbitol was an active substrate of all enzyme 
preparations; yet D-fructose and L-sorbose, the two possible products (assum- 
ing dehydrogenation of the second or fifth aleohol grouping), showed no 
activity under the usual very favorable conditions for ketopentose reduc- 
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tion. L-Sorbose is also the expected product from L-iditol. It was there. 
fore necessary to characterize the dehydrogenation products by various 
colorimetric and paper chromatographic methods. 

That fructose is indeed produced from p-sorbitol is indicated by the fol- 
lowing evidence. Firstly, the sorbitol product and fructose gave similar 
colors in the cysteine-carbazole test (565 my peak), in the orcinol reaction 
(Fig. 6), and in the cysteine-sulfuric acid test (Fig. 6). The colors in the 
latter two tests were unlike the colors given by sorbose (Fig. 7). Secondly, 
paper chromatographic comparison, with 80 per*cent n-propyl] alcohol as 
solvent and naphthoresorcinol spray (11), showed identical Rp values and 
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Fic. 6. Absorption spectra of p-fructose and of the p-sorbitol product in color 
tests. @, p-sorbitol product; O, p-fructose, in the orcinol reaction; A, D-sorbitol 
product; A, p-fructose, in the cysteine-sulfuric acid reaction. 

Fic. 7. Absorption spectra of L-sorbose and of the L-iditol product in color tests. 
@, t-iditol product; O, L-sorbose, in the orcinol reaction; A, L-iditol product; 
A, L-sorbose, in the cysteine-sulfurie acid reaction. 


color development. Thirdly, inclusion of p-fructose in two incubation 
mixtures caused a decrease in rate of DPNH formation, from sorbitol and 
DPN, proportionate to the fructose concentration. Finally, by use of a 
very high concentration of p-fructose (24 times the effective ketopentose 
level), it was possible to show that the ketohexose can effect the slow oxida- 
tion of DPNH (Fig. 5, B). 

The L-iditol reaction was studied similarly. Fig. 7 shows that the reac- 
tion product and sorbose yield similar colors in the orcinol reaction and in 
the cysteine-sulfuric acid test. In the cysteine-carbazole test, identical 
spectra and rates of color development were obtained. Furthermore, pa- 
per chromatographic comparison (80 per cent n-propyl alcohol solvent and 
naphthoresorcinol spray) provided additional confirmation. As_ with 
p-fructose, the use of large amounts of L-sorbose finally disclosed its activity 
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as a substrate (Fig. 5, B). The inactivity of a similar concentration of 
p-sorbose is shown for comparison. 

Multiplicity of DPN-Dependent Polyol Dehydrogenases—Evidence for the 
presence of more than one DPN-dependent polyol dehydrogenase in mito- 
chondria was provided by the observation that dehydrogenation rates for 
several polyols varied unpredictably with various enzyme extracts. While 
our earlier extracts showed greater activity towards xylitol than towards 
all other polyols, more recent ones have been at least as active towards 
p-sorbitol as towards xylitol. Comparison of polyol oxidation rates of sev- 
eral extracts is shown in Table II. 

Apparent similarities among the DPN enzymes may be due to secondary 
factors. Fig. 8 shows that extracts prepared from mitochondrial residues 
which have been washed with phosphate buffer have enhanced activity 


TaBLeE II 
Relative Rates of Reaction of Xylitol, p-Sorbitol, and u-Iditol in DPN System* 


Enzyme preparation 


Substrate 
16C 17A 18A 19A 20A 
.....| 0.024 | 0.048 | 0.029 | 0.024 | 0.040 
p-Sorbitol..... 0.010 | 0.016 | 0.034 | 0.039 | 0.045 
sp | 0.022 | 0.057 


* The values in the table are the increases in absorption at 340 my, during the 10 
minute period following addition of substrate, of 3 ml. test solutions prepared as 
described under ‘‘Methods.’”’ 


(with DPN) towards xylitol and p-sorbitol, although the TPN-xylitol reac- 
tion rate is decreased. It is possible that a factor involved in DPN de- 
struction is removed in the washing process (or by dialysis, which usually 
activates the DPN-xylitol reaction). It may be mentioned here that wash- 
ing of the mitochondrial residue with water also activates the DPN-xylitol 
system although the TPN-xylitol reaction is decreased even more markedly 
than when phosphate is used (3). 


DISCUSSION 


It is necessary to emphasize that, in all the work prior to the studies on 
the soluble preparations, attention was paid almost exclusively to activity 
towards L-xylulose. In fact, under the ordinary test conditions, particu- 
late preparations showed no activity towards any compounds other than 
L-xylulose and xylitol. Even p-xylulose, a very active substrate with the 
aqueous extract, was not acted upon by mitochondria under conditions 
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which led to reduction of t-xylulose (2). It is therefore possible that polyol 
dehydrogenases other than the ones reported are present in mitochondria 
but have not been examined appropriately, perhaps being inactivated or 
removed at some step in the fractionation. The lack of activity of p-xy- 


lulose with mitochondria may be due to the association of the xylitol-p- F 


xylulose enzyme with an inhibitor which is removed during the prepara- 
tion of extract. The increased yield of the p-xylulose enzyme from washed 
mitochondria and the activation of extracts by dialysis provide some sup. 
port for this explanation. 


TPN _DPN OPN 
XYLITOL D-SORBITOL XYLITOL 
040+0.10 0.10 
0.20700 O05 
| 


20 40 0 20 40 OO B® 40 
TIME IN MINUTES 


Fic. 8. Change in soluble polyol dehydrogenase activity resulting from washing | 


of mitochondrial residues with phosphate buffer. A preparation of residue was 


divided into two portions. One was suspended in phosphate buffer, and butanol 


was added as described under ‘‘Preparation of enzyme.’’ The other portion was 
suspended twice in the proportionate volume of phosphate buffer and sedimented 
each time by centrifugation for 10 minutes at 16,000 r.p.m. The precipitate was 
then resuspended in buffer and subjected to the butanol procedure. @, extract ob- 
tained from unwashed residue; O, extract obtained from washed residue. 


Although our DPN system differs in cellular location from that of Blak- 
ley’s enzyme, similarities in substrate specificity (10) led to concern about 
the possible identity of the two systems. Three differences in substrate 
reactivity are now evident: (1) p-fructose and L-sorbose are much less 
reactive with our extract than with Blakley’s rat liver extract; (2) sedo- 
heptulose, very active with a purified preparation from the soluble fraction 
of sheep liver (10), is inactive with the extract derived from guinea pig 
liver mitochondria; (3) allitol, another substrate for the Blakley prepara- 
tion (10), is inactive with ours. In retrospect it is realized that the ques- 


tion of identity of the mitochondrial and non-mitochondrial systems 1s ~ 
probably a meaningless one, since it appears likely that both are mixtures 
of closely related enzymes. Evidence for the multiplicity of DPN-depend- | 


ent polyol dehydrogenases in guinea pig liver mitochondria has already 
been presented in this paper. Williams-Ashman and Banks (12), who re- 
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ported that the Blakley enzyme occurs also in the seminal vesicle and in 
the coagulating gland of the rat, found that L-arabitol is a substrate for a 
rat liver extract. This is in disagreement with another study (10). Fur- 
ther work is obviously necessary on the purification and characterization 
of the various liver polyol dehydrogenases. 

The equilibrium constants of both of the xylitol-xylulose reactions are 
considerably smaller than those reported for the sorbitol-p-fructose reac- 
tion catalyzed by the non-mitochondrial liver enzyme (9, 12) and for the 
mannitol-1-phosphate-p-fructose-6-phosphate reaction catalyzed by an en- 
zyme extracted from Escherichia coli B (13). 

The guinea pig was originally chosen for the urinary L-xylulose studies 
because it resembled man in requiring L-ascorbic acid in the diet. Then, 
the liver of the guinea pig was used for the enzyme studies because the keto- 
pentose was found to be a constituent of its urine (14). These considera- 
tions may actually have had little influence on the progress of this investi- 
gation, but our few experiments on other species suggest that the guinea 
pig was a fortunate choice. Hamster, rat, and monkey liver preparations 
utilized L-xylulose more slowly than comparable ones from guinea pigs. 

The physiological significance of the mitochondrial dehydrogenases re- 
mains to be elucidated. Enzymatic activity of the kind reported here has 
not been previously detected in mitochondria. Since the DPN system is 
unquestionably most active towards p-xylulose among the ketoses tested, 
and is also quite active towards xylitol, it is possible that the successive 
action of the two xylulose enzymes, both present in the same morphological 
unit, effects the interconversion of the enantiomorphic forms of the ketose. 
There is considerable evidence that p-glucuronolactone is a metabolic 
precursor of L-xylulose (14), but a normal role for the former substance has 
not been reported. Nevertheless, a substance derived from a glucuronic 
acid-containing metabolite may be the normal precursor of the pentose. 

The discovery of the key role of p-xylulose-5-phosphate in the 6-phospho- 
gluconate pathway suggests a route for L-xylulose to enter (or be formed 
from) a normal, major carbohydrate pathway. Yeast transketolase, re- 
ported recently to act on p-xylulose-5-phosphate rather than on p-ribulose- 
5-phosphate, has some action on free p-xylulose (15), but transketolase 
isolated from spinach is without action on the free pentose (16). <A specific 
D-xylulose kinase from bacteria has been found which converts the pentose 
to its 5-phosphate derivative (17). The presence of a similar enzyme in 
liver would provide a bridge between the xylulose transformations and the 
6-phosphogluconate pathway. Studies to detect such a kinase in liver have 
been initiated.4 


‘While the present paper was in proof, Hickman and Ashwell (18) reported the 
occurrence of p-xylulokinase in calf liver. 
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John C. Kirschman in the preparation of xylitol, and of Mr. Richard Wohl 
in carrying out some substrate specificity tests. 


SUMMARY 


Studies on polyol dehydrogenases of the insoluble portion of ruptured 
guinea pig liver mitochondria are reported. The enzymes, made soluble 
by a modification of the butanol method, show activity towards a number 
of polyols and ketoses. Data presented indicate the presence of an en- 
zyme, unique among such dehydrogenases in its triphosphopyridine nu- 
cleotide (TPN) requirement, which catalyzes the interconversion only of 
xylitol and u-xylulose. The extract also contains diphosphopyridine nu- 
cleotide (DPN)-requiring dehydrogenases which catalyze the interconver- 
sion of several substrates, namely, xylitol and p-xylulose, L-threitol and 
L-erythrulose, ribitol and p-ribulose, p-sorbitol and p-fructose, L-iditol and 
L-sorbose, and p-glycero-p-glucoheptitol and a heptulose. Evidence is pre- 
sented that the TPN- and DPN-dependent enzymes are distinct from each 
other, and the indications for the multiplicity of DPN-dependent liver 


polyol dehydrogenases are pointed out. The possibility that the mito 


chondrial enzymes provide a connection between t-xylulose and the 6- 
phosphogluconate pathway is discussed. 
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HYDROXYLATION OF STEROIDS AT CARBON 21* 


By KENNETH J. RYANT anp LEWIS L. ENGEL 


(From the Medical Laboratories, Collis P. Huntington Memorial Hospital of Harvard 
University at the Massachusetts General Hospital, and the Department of 
Biological Chemistry, Harvard Medical School, Boston, Massachusetts) 


(Received for publication, June 27, 1956) 


Hydroxylation of steroids in vitro at carbon atom 21 by adrenal tissue 
preparations has previously been reported by Plager and Samuels (1), Hay- 
ano and Dorfman (2), and the present authors (3). The former workers 
described a system consisting of a 20,000 * g supernatant fraction of beef 
adrenals which effected hydroxylation in this position of progesterone and 
its derivatives in the presence of adenosine triphosphate (ATP) and diphos- 
phopyridine nucleotide (DPN). 

The present work defines steroid C-21 hydroxylation as a reaction in- 
volving the microsomal fraction of beef adrenals, reduced triphosphopyri- 
dine nucleotide (TPNH), and atmospheric oxygen. Under these condi- 
tions progesterone, 118-hydroxyprogesterone, 17a-hydroxyprogesterone, 
and 11,17-dihydroxyprogesterone are converted to their respective C-21 
hydroxylated derivatives. With the concept of progesterone as a key in- 
termediate in adrenal cortical hormone biogenesis (4), C-21 hydroxylation 
has the significance of an essential step in the synthesis of steroid hormones 
by this gland. 


Materials and Methods 


Tissue Preparation—Beef adrenal glands were collected in ice at the 
slaughterhouse, stripped of their capsules, and ground in a Waring blendor 
at 4° in a solution of 0.25 m sucrose, 0.1 mM phosphate buffer, pH 6.8, and 
0.04 m nicotinamide. In early experiments, the Krebs-phosphate buffer 
or 0.05 m tris(hydroxymethyl)aminomethane (Tris) buffer with 0.003 m 
MgCl. was used, and small quantities of tissue were ground with a Potter- 


* This work was supported by grants from the National Cancer Institute, United 
States Public Health Service (grant No. C-1393(C4)), the American Cancer Society, 
upon recommendation by the Committee on Growth of the National Research Coun- 
cil, the Jane Coffin Childs Memorial Fund for Medical Research, and an Institutional 
Grant from the American Cancer Society to the Massachusetts General Hospital. 
A preliminary report of this work was presented at the Forty-seventh annual meet- 
ing of the American Society of Biological Chemists, Atlantic City, New Jersey, April 
16-20, 1956 (Federation Proc., 15, 344 (1956)). This is publication No. 878 of the Can- 
cer Commission of Harvard University. 

t Fellow in Cancer Research of the American Cancer Society. 
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Elvehjem glass homogenizer. These variations in buffer and tissue prepa- 
ration had no effect on the results obtained. Cell fractions were separated 
by differential centrifugation as described by Schneider and Hogeboom 
(5). The microsomal fraction was sedimented between 15,000 X g and 
105,000 X g, washed with a 0.25 m sucrose solution, and centrifuged. The 
105,000 X g supernatant fraction was further purified by discarding pro- 
tein which was precipitated from it at pH 5. Phase contrast microscopy 
of the mitochondrial and microsomal particles gave results similar to those 
reported for corresponding liver cell fractions (6). The protein content of 
enzyme preparations was measured by a trichloroacetic acid (TCA) turbi- 
dimetric method, standardized against dry weights after TCA and lipide 
solvent treatment (7). 

The steroids used were commercial preparations which were chromato- 
graphed in solvent systems slightly modified from Bush’s description (8) 
(see below) and found to be free from interfering contaminants which 
show ultraviolet absorption and reduce blue tetrazolium. TPNH was pre- 
pared by the method of Kaplan, Colowick, and Neufeld (9). DPNH, 
cytochrome c, and glucose-6-phosphate dehydrogenase were obtained from 
the Sigma Chemical Company. Crystalline catalase and ribonuclease were 
preparations of the Worthington Biochemical Corporation. Other cofac- 
tors, inhibitors, and substrates were also obtained from commercial sources. 

Enzymatic Studies—Incubations were carried out in open 50 ml. Erlen- 
meyer flasks with constant agitation in a Warburg bath at 37° with air as 
the usual gas phase. Standard manometric techniques were employed for 
measuring oxygen uptake. Steroids dissolved in 0.1 ml. of propylene gly- 
col or ethanol were added to mixtures containing tissue fractions and co- 
factors in a total volume of 3 to 5.3 ml. For studies on carbon monoxide 
inhibition, carbon monoxide and oxygen were mixed at constant pressure 
in a graduated cylinder, and used to displace the air in a Warburg vessel. 
Parallel controls with nitrogen and oxygen were always performed. 

Extraction Procedures—The reaction mixtures were extracted twice with 
4 volumes of methylene chloride; the extracts were pooled, washed with a 
0.25 volume of saturated sodium bicarbonate solution, and taken to dry- 
ness in vacuo. ‘The residue was dissolved in 20 ml. of 95 per cent metha- 
nol and extracted with an equal volume of hexane. The aqueous methanol 
fraction was evaporated under reduced pressure, and the residue dissolved 
in 2 ml. of 95 per cent ethanol. 

Steroid Assay and Identification—The ethanol solution was assayed di- 
rectly by the Porter-Silber method (10) by means of which the production 
of 17,21-dihydroxyprogesterone from 17-hydroxyprogesterone could be 
followed. Aliquots and reference standards were chromatographed in 
parallel by Bush’s procedure (8) at 37° on Whatman No. 2 paper with 
the upper phase of modified solvent systems consisting of ligroin-toluene 
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(2:1 v/v) equilibrated with 70 per cent methanol-30 per cent water, and 
toluene equilibrated with 75 per cent methanol-25 per cent water. Ultra- 
violet absorption and reduction of blue tetrazolium were used to locate 
steroids. ‘Their mobilities were compared with mobilities of known stand- 
ards on the same chromatograms. Ethanol extracts were also pooled and 
subjected to a 99 transfer distribution in the Craig glass countercurrent 
apparatus (11). The contents of alternate tubes were analyzed by ultra- 
violet absorption at 240 my and by the development of color with the 
Porter-Silber reagent. Unchanged starting material and the product were 
separated and characterized by their partition coefficients. Good agree- 
ment of experimental and theoretical distribution curves was observed. 
Peak tubes of the product were pooled, and final identification of 17 ,21- 
dihydroxyprogesterone was made by infrared spectroscopy! with a Perkin- 
Elmer model No. 21 double beam instrument with sodium chloride optics. 
The Coleman junior spectrophotometer was used for measuring the sulfuric 
acid-phenylhydrazine chromogen of Porter and Silber at 410 mu. TNPH 
oxidation was followed at 340 my in the Beckman DU spectrophotometer, 
and spectra of the cytochromes were determined in the Cary recording 


apparatus. 


Results 


In agreement with previous studies (1, 2), incubation of 17a-hydroxy- 
progesterone with adrenal gland preparations yielded 17 ,21-dihydroxypro- 
gesterone (Reichstein’s Substance S). This conversion is the model C-21 
hydroxylation reaction which was followed in a majority of the studies 
described below. 

Control Experiments—No detectable C-21 hydroxylation was observed 
when the complete system was extracted at zero time or when a suitable 
steroid substrate was omitted. Similar results were obtained with boiled 
enzyme and in the absence of enzyme. Recovery of added Substance S 
from the system at zero time was 89 per cent. Over the period of incuba- 
tion, less than 10 per cent of this material was destroyed. The extraction 
procedure and assays proved to be reproducible, and agreement of duplicate 
runs was within 5 per cent. ‘The data presented in Tables I to V represent 
typical experimental results based upon two or more replications for each 
experiment with quantitative and qualitative agreement. 

Localization of Enzymatic Activity—As reported by Plager and Samuels 
(1), the C-21 hydroxylase activity of adrenal tissue was located in the 
15,000 K g supernatant fraction, and the 118-hydroxylase activity of the 
mitochondrial fraction (12, 13) could be completely separated from it. 
The rate of reaction and substrate concentration curves for the conversion 


‘Infrared spectroscopy was carried out by Mrs. D. Wheeler. 
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of 17a-hydroxyprogesterone to Substance 8S by the adrenal 15,000 X 4g su- 
pernatant fluid are demonstrated in Figs. 1 and 2. A pH optimum was 


O.5+ 
= 
0.1} | | 

TIME IN MINUTES MOLES 17-OH-PROGESTERONE 
Fic. 1 Fia. 2 


Fic. 1. Conversion of 17-hydroxyprogesterone to 17,21-dihydroxyprogesterone 
(Reichstein’s Substance 8) as a function of time. The conditions were as follows: 
15,000 X g beef adrenal supernatant fluid equivalent to 4 gm. of wet weight of tissue 
and the addition in micromoles per ml. of ATP 2, nicotinamide 5, DPN 0.5, and 17- 
hydroxyprogesterone 1.2, in a total of 5.3 ml. of Krebs-phosphate buffer at pH 7, in- 
cubated at 37°. 

Fic. 2. Formation of Reichstein’s Substance 8 as a function of substrate concen- 
tration. The conditions were the same as those described for Fig. 1, except for the 
concentration of 17-hydroxyprogesterone, which was varied, and an incubation time 
of 2 hours. 


TABLE I 
Requirement of Both Adrenal Microsome and Soluble Fractions for C-21 Hydrozylation 
System* Substance S formed 

pmole 
0.64 
105,000 X g supernatant (soluble fraction)............... 0.01 
Recombination of microsomes and soluble fraction....... 0.59 


* The system consisted of 15,000 X g supernatant fluid, 34 mg. of protein per ml., 
microsome fraction, 4 mg. of protein per ml., 105,000 K g supernatant fluid, 26 mg. 
of protein per ml., and, in micromoles per ml., phosphate buffer, 100, pH 6.8, ATP 
0.5, nicotinamide 40, DPN 1, 17 a-hydroxyprogesterone 0.6, in a total of 5.3 ml. 
incubated at 37° for 1 hour. 


exhibited between 6.5 and 7.0 with a loss of one-half of the maximal ac- 
tivity at 1 pH unit on either side of the optimum. 
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The C-21 hydroxylating activity of the 15,000 * g adrenal supernatant 
fuid could be separated into two components (105,000  g supernatant 
and microsomal fractions) which were inactive when incubated alone but 
which were fully active upon recombination (Table 1). 

Rat liver 105,000 X g supernatant fluid could substitute for the cor- 
responding adrenal fraction in recombination experiments with adrenal 
microsomes. Rat liver microsomes were inactive in recombination experi- 
ments. 

Cofactor Requirements—Plager and Samuels demonstrated a DPN re- 
quirement of steroid C-21 hydroxylation and also an increased activity 


TaBLeE II 


Demonstration of Cofactor Requirement for C-21 Hydrorylation by Anion Exchange 
Resin Treatment of 105,000 K g Supernatant Fraction 


Addition* | Substance S formed 

pmoles per ml. umole 
0.00 


* The system consisted of microsomal fraction, 4 mg. of protein per ml. recom- 
bined with 105,000 X g supernatant fluid, 25 mg. of protein perml. The supernatant 
fraction was treated with 500 mg. per ml. of Dowex 1 (acetate form) prior to recom- 
bination. The following were added in micromoles per ml.: Tris buffer 50, pH 7.2, 
nicotinamide 40, and 17a-hydroxyprogesterone 0.6, in a total volume of 5.3 ml., 
incubated at 37° for 1 hour. 


upon addition of ATP (14). In agreement with this, nicotinamide, ATP, 
and DPN were required in these experiments for maximal hydroxylating 
activity. If the 105,000 X g supernatant fluid was treated with an anion 
exchange resin (Dowex 1 (acetate form)), the recombined system of micro- 
somes and supernatant fluid was inactive unless a pyridine nucleotide was 
added. ATP and DPN, or TPN alone, were more active than DPN or 
DPNH (Table II). The 105,000 X g supernatant fluid was also inacti- 
vated by being heated at 60° or 100° for 5 minutes. These data suggested 
that this fraction was contributing both an enzyme and a cofactor to the 
system. 

A TPNH-generating system, glucose-6-phosphate dehydrogenase, glu- 
cose-6-phosphate, and TPN in catalytic amounts, could replace the 
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105,000 X g supernatant fraction completely. in substrate ces 
amounts had the same effect. DDPNH was only one-fifth as active as the J opt 
reduced triphosphopyridine nucleotide, and ascorbate had no activity 
(Table III). Glucose-6-phosphate dehydrogenase was apparently already 1 
present in the microsome fraction, since glucose-6-phosphate and TPN 
were active without its addition (Table III). The relation of TPNH and 
microsomal protein concentration to C-21 hydroxylation are demonstrated 
in Figs. 3 and 4. 


TABLE III 

Requirement of TPNH for Steroid C-21 Hydrorylation by Adrenal Microsomes 

Enzyme and substrate addition® Cofactor S formed 

pmoles per ml pmoles 
105,000 X g supernatant TPN 0.3 0.87 
Glucose-6-phosphate dehydrogenase and os 0.3 0.87 ties 
glucose-6-phosphate 
No TPN 0.00 
Glucose-6-phosphate TPN 0.3 0.98 on 
No glucose-6-phosphate 0.3 0.00 
TPNH 0.3 0.26 
DPNH 3.0 0.26 ont 

| Ascorbate 10.0 0.00 


* The system consisted of beef adrenal microsomal fraction, 6.3 mg. of protein 
per ml., and in micromoles per ml., Tris buffer 50, pH 7.2, nicotinamide 40, and 
17a-hydroxyprogesterone 1.1, incubated in a total of 3 ml. at 37° for 1 hour. 


TPNH oxidation was followed spectrophotometrically at 340 my, but the 
turbidity of the enzyme preparation and high rate of oxidation in controls 
without substrate precluded its use in following the reaction quantitatively. 

Oxygen Requirement—Oxygen was required for C-21 hydroxylation, but 
100 per cent oxygen had no significant advantage over air as the gas phase. 
No hydroxylation took place in nitrogen. The complete system had a 
sizable oxygen uptake when measured manometrically, but the high rate 
in the absence of added substrate made this method unsatisfactory for } 
following steroid oxidation. th 

Characteristics of Adrenal Microsomes—The 15,000 X g adrenal super- mi 
natant fraction and the microsome particles prepared from it could be a 
frozen and stored at — 10° for several weeks without loss of activity. Lyo- 
philized preparations were also active. Attempts to obtain the activity 


of the microsome particles in solution with butanol, hypotonic solutions, : 
alternate freezing and thawing, sonic vibration, and steapsin were unsuc- ( 


in 
id 


K. J. RYAN AND L. L. ENGEL 109 


cessful. ‘Treatment with 1 per cent sodium deoxycholate produced an 
optically clear system, which was, however, devoid of C-21 hydroxylase 
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Fic. 3. Formation of Reichstein’s Substance 8 as a function of TPNH concentra- 
tion. Conditions: Microsomal fraction, 6.3 mg. of protein per ml., and, in micro- 
moles per ml., phosphate buffer 100, pH 6.8; nicotinamide 40, 17a-hydroxyproges- 
terone 1.1, in a total of 3 ml. incubated at 37° for 1 hour with variation in TPNH 
concentration as indicated. 

Fic. 4. Formation of Reichstein’s Substance S as a function of microsomal protein 
concentration. The conditions were the same as those described for Fig. 3 except 
for the concentration of microsomal protein, which was varied as indicated, and the 
concentration of TPNH, which was 1.5 wmoles per ml. 
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Fic. 5. Spectra of the cytochrome of microsome preparations equivalent to 25 mg. 
of protein made soluble with sodium deoxycholate. The spectra are tracings of 
the originals as recorded by a Cary spectrophotometer. The oxidized form with a 
maximum at 412 my represents the natural state of the cytochrome under the condi- 
tions of the preparation. The reduced form with maxima at 424, 522, and 557 my pro- 
duced by treating the oxidized cytochrome with dithionite. 


activity. Spectra of deoxycholate-treated microsome fractions had the 
characteristics of the cytochrome m described by Strittmatter and Ball 
(15) in liver microsome preparations (Fig. 5). Reduction of the cyto- 
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chrome was readily produced with TPNH and DPNH as well as with di- 
thionite. Acetone powders of the microsomal fraction retained activity 


TABLE IV 
Effects of Inhibitors on C-21 Hydrozylation by Adrenal Microsomes and TPNH 
Per cent 
Inhibitor classification* Inhibitor Concentration | of control 
activity 
Sulfhydryl inhibitors Iodoacetate 10-* 92 
o-Ilodosobenzoate 10-3 95 
p-Chloromercuribenzoate | 10-4 96 
“6 10-3 1 
Mersalylf 10-3 0 
Heavy metals Cupric sulfate 10-4 ‘* 50 
Mercuric chloride 10-4 0 
Reducing substances Ascorbate 10-2 ‘* 88 
Glutathione 10-2 112 
Metal binders EDTAt 10-2 ** 101 
Dipyridy] 10-3 94 
Cytochrome inhibitors Cyanide 10-3 “ 86 
Azide 10-8 “ 91 
Carbon monoxide, dark 90 per cent 35 
Flavin inhibitor Quinacrine 10-4 mu 99 
Miscellaneous Antimycin A 1 y per ml. 85 
Catalase 193 y per ml. 100 
Ribonuclease 50 y per ml. 96 
SKF 525 A§ 10-3 m 91 
Cytochrome c 3X 2 
10-4 M 0 
4+. CN- 10-3 95 


Carbon monoxide experiments were carried out with a gas phase mixture of 9 
per cent carbon monoxide and 10 per cent oxygen; control experiments with 90 per 
cent nitrogen and 10 per cent oxygen gave full activity. 

* The system consisted of microsome fraction, 2.8 mg. of protein per ml. and, in 
micromoles per ml., phosphate buffer 100, pH 6.8, TPNH 0.9, 17a-hydroxyproges- 
terone 1.1, nicotinamide 40, in a total of 3 ml., incubated at 37° for 1 hour. 

t Mersalyl (salyrgan), sodium 
phenoxyacetic acid. 

t EDTA (Versene), ethylenediaminetetraacetic acid. 

§ SKF 525 A, diethylaminoethyldiphenylpropylacetic acid. (We are indebted to 
Dr. C. J. Kensler for a gift of this compound.) 


in insoluble particles which could be sedimented at 105,000 X g in 1 hour. 
These particles contained 60 per cent of the cytochrome and 10 per cent 
of the protein of the intact microsome starting material. 

Inhibitors—A wide variety of inhibitors, cofactors, and enzymes was 
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tested with the results shown in Table IV. The most dramatic effect was 
noted with cytochrome c, which produced 98 per cent inhibition at 3 K 10~° 
wconcentration. The inhibitory effect could be completely overcome with 
cyanide, suggesting that, under these conditions, the role of cytochrome c 
was that of a competitor for TPNH electrons. 

A mixture of 90 per cent carbon monoxide and 10 per cent oxygen pro- 
duced 65 per cent inhibition of C-21 hydroxylation which was partially 
reversed by light. There was no inhibition in control experiments in which 
a mixture of 90 per cent nitrogen and 10 per cent oxygen was employed. 
This light reversible carbon monoxide inhibition suggests the participation 


TABLE V 
Substrate Specificity of C-21 Hydrozylation 
By Porter-Silber 
Substrate Conversion product 
pmole 

Progesterone Deoxycorticosterone 0.00 + 
118-Hydroxyprogesterone Corticosterone 0.06 + 
l7a-Hydroxyprogesterone Substance S 0.66 + 
11,17-Dihydroxyprogesterone Cortisol 0.58 + 
45-Pregnen-38-ol-20-one Deoxycorticosterone 0.00 + 
4°-Pregnene-3£, 17a-diol-20-one None 0. 0 


The system consisted of beef adrenal 15,000 X g supernatant fluid containing 36 
mg. of protein per ml. with the following additions in micromoles per ml.: phosphate 
buffer 100, pIf 6.8, DPN 0.5, ATP 2, nicotinamide 40, in 5.3 ml. of total volume. 
Incubated at 37° for 1 hour. All the products were identified by Bush paper chroma- 
tography by comparison with known standards. A*-Pregnene derivatives were 
incubated in a system similar to that described under Fig. 3. The conversion of 
A‘-pregnen-38-ol-20-one to deoxycorticosterone probably involved progesterone as 
an intermediate (see the text). 


of the microsomal cytochrome in the hydroxylating system. No direct 
evidence for a cytochrome m-carbon monoxide complex is available, and 
Strittmatter and Ball reported no shift in the spectrum of the reduced cyto- 
chrome by this gas (15). Cytochrome m differs from cytochrome oxidase 
also in its lack of response to cyanide and azide (15). 

Warburg first demonstrated light reversible inhibition of yeast cell res- 
piration by gas mixtures of carbon monoxide and oxygen (16), and Keilin 
and Hartree described the carbon monoxide-induced shift in the absorp- 
tion spectrum of reduced cytochrome oxidase (17). Subsequently, light 
reversible inhibition of enzymatic reactions has been one criterion for im- 
plicating the participation of iron-porphyrin-containing enzymes. How- 
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ever, there have been discrepancies between the effect of carbon monoxide 
on enzymatic reactions and its ability to produce shifts in spectra (16). 

The results with other inhibitors were not sufficiently specific to draw 
conclusions about the mechanisms involved, although effects with mer. 
curials and heavy metals suggested that sulfhydryl groups were important, 

C-17 Hydroxylation—C-17 hydroxylation did not occur in most prepara- 
tions tested. Progesterone was converted to deoxycorticosterone (21-hy- 
droxyprogesterone) rather than to 17-hydroxyprogesterone or Substance § 
(Table V). 

Substrate Specificity of Steroid C-21 Hydroxylase—Progesterone, 118-hy- 
droxyprogesterone, and 11,17-dihydroxyprogesterone were converted to 
their respective C-21 hydroxylated derivatives (Table V). Similar results 
were obtained with either the 15,000 X g supernatant fluid or the micro- 
somal fraction with TPNH. was not 
acted upon, but A*-pregnen-36-ol-20-one was converted in very small 
yield to deoxycorticosterone, presumably by dehydrogenation to proges- 
terone, followed by C-21 hydroxylation (Table V). A 38-ol-dehydrogenase 
has been described (18) in microsome fractions, which converts A5-preg- 
nen-38-ol-20-one to progesterone. 


DISCUSSION 


Steroid C-21 hydroxylation has thus been characterized as an oxidative 
reaction which requires adrenal microsomes, TPNH, and atmospheric 
oxygen. There are important similarities to other steroid hydroxylation 
systems and to many recently described oxidative reactions. 

The oxygen for the hydroxyl group of the steroid C-11 (19), C-17, and 
C-21 (20) positions has been shown by O,'* experiments to come directly 
from the atmosphere in adrenal and microbiological systems. Unfortu- 
nately the data for the C-21 position are based on work accomplished with 
microorganisms, and the existence of a similar pathway for the mammalian 
system can only be surmised. Although C-11 and C-21 hydroxylations 
occur in different cell fractions, the aspect of oxygen incorporation appears 
to be similar. Mason had previously demonstrated that the oxygen for 
phenol hydroxylation also comes directly from the atmosphere (21). 

TPNH has been implicated as a cofactor requirement for all steroid 
hydroxylations thus far studied in detail (12), for a wide variety of oxida- 
tions of drugs (22), and for the conversion of lanosterol to cholesterol (23). 
Although it is not yet worked out, C-7 hydroxylation of bile acids appears 
to involve a similar system (24). 

In addition to the present study involving adrenal microsomes with C-21 
hydroxylation, the microsome fraction of liver has been implicated in the 
synthesis of cholesterol (6), bile acids (24), and the oxidation of drugs (22). 
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A concept of a general biological oxidation reaction can be evolved, 
which comprises the reactions discussed above and others even more widely 
distributed in nature (cf. Mitoma (25)), and which have the common fea- 
tures of the incorporation of atmospheric oxygen into the substrate and a 
relatively specific cofactor (TPNH, DPNH, and FMNH:2)2 The oxygen 
transfer mechanisms for these unique oxidations are not yet known. 
Within this group of reactions, the soluble enzyme preparations involved 
in phenol (21) and phenylalanine oxidation (25) have been characterized 
as metalloproteins. One might also expect the specific steroid C-21 hy- 
droxylating enzymes of the adrenal microsomal particles to be metallo- 
proteins with heme or flavin moieties capable of accepting electrons from 
TPNH and catalyzing the introduction of oxygen into the substrate. 
Thus far, no metal or flavin requirement has been demonstrated for C-21 
hydroxylation by inhibition studies (Table IV). 

Hydrogen peroxide does not appear to be an intermediate (22) in view 
of the negative results with peroxide-generating systems (26) and the lack 
of inhibition with catalase (26) (Table IV), but the formation of organic 
peroxides has not been excluded. 

Cytochrome m, which is present in large quantities in the microsomal 
fraction of liver and adrenal cells, can oxidize TPNH, DPNH, and ascor- 
bate, and is itself autooxidizable (15). It has thus far not been possible to 
free the active C-21 hydroxylation system from this cytochrome by diverse 
means, nor has it been implicated directly in this or other reactions. In 
view of the large number of oxidative reactions now ascribable to the mi- 
crosomal particles, it may be suggested that this cytochrome has an oxi- 
dative function rather than the reductive function originally proposed (15). 
Cytochrome m could function in the capacity proposed by Mason for the 
copper protein in phenol oxidation (21). In this case, the reduced cyto- 
chrome might form a complex with oxygen which could result in the oxi- 
dation of the steroid substrate. The light reversible carbon monoxide in- 
hibition which we have observed lends support to such a hypothesis. In 
addition, however, an enzyme component must be present to provide the 
electron donor specificity and substrate specificity of the reaction. 


SUMMARY 


Steroid C-21 hydroxylation has been described as an oxidative reaction 
which occurs in beef adrenal microsomal preparations and requires TPNH 
and atmospheric oxygen. The reaction appears to be specific for proges- 
terone and its derivatives. Similarities to other enzymatic reactions in 
which atmospheric oxygen is introduced into the substrates have been dis- 


? FMNHsg, reduced flavin mononucleotide. 
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cussed, and a mechanism involving the microsomal cytochrome has beep 
proposed. 


The authors wish to express their thanks to Dr. Joseph C. Aub for his 
encouragement and to Dr. Elizabeth B. Keller for many helpful discus. 
sions. 
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STUDIES ON THE MECHANISM OF ACTION OF THE 
ADRENOCORTICOTROPIC HORMONE* 


By ROBERT C. HAYNES, Jr., anp LUCIE BERTHETT 
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It has been demonstrated that adrenocorticotropic hormone (ACTH) 
stimulates isolated, perfused adrenal glands (1) and adrenocortical tissue 
slices (2, 3) to release increased quantities of corticosteroid hormones. 
These findings are in accord with the well established fact that ACTH in 
vivo causes the adrenal cortex to secrete increased quantities of the adrenal 
steroid hormones. The present work was performed in an attempt to 
learn more about the mechanism by which ACTH effects this stimulation 
of the adrenal cortex. The first group of experiments indicated that 
ACTH acts primarily by increasing the rate of corticosteroid synthesis 
rather than by primarily causing release of the steroid hormones. Fur- 
ther investigation of the mechanism of action of ACTH revealed that the 
adrenal stimulation is accompanied by an increase of phosphorylase activity 
in the tissue. Data will be presented showing the relationship between 
phosphorylase activity and steroidogenesis. 


Methods 


Incubation of Slices—Adrenal cortices from steer glands were sliced free- 
hand and incubated at 37° in an isotonic salt medium in a manner similar 
to that previously described (3). A Ringer-bicarbonate medium was 
substituted for the saline-phosphate medium formerly used, and, instead 
of the whole glands being perfused with blood as earlier, the tissue slices 
were given a 45 minute preincubation, as described by Saffran and Bayliss 
(4). Commercial ACTH was added routinely to a final concentration of 
0.1 unit per ml. of incubating medium; this was in the order of 1 unit per 
gm. of tissue slices. 

Chemical Analysis—Corticosteroid hormones were extracted with ethyl 
acetate, and chromatography of these extracts was performed as described 
previously (3). For routine analyses, however, chromatography was not 
carried out, because it was found that ethyl acetate extracts, washed twice 
with water, could be assayed satisfactorily without further purification. 


* This study was supported in part by a grant from the Committee on Research 
of the Council on Pharmacy and Chemistry of the American Medical Association 
(grant No. 121). 

t Present address, Clinique St. André, Lubbeek (Brabant), Belgium. 
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In the experiments concerned with intracellular content and distribution 
of the corticosteroids, the hormones were determined with red tetrazolium 
dye by the technique of Mader and Buck (5). In all subsequent experi- 
ments the blue tetrazolium technique of Nowacrynski et al. (6) was used, 
For all analyses cortisone was used as a standard compound.! 

The chloroform-formamide solvent system of Zaffaroni and Burton (7) 
was used for filter paper chromatography of the steroids. 

Enzymatic Assays—Glucose-6-phosphate dehydrogenase was assayed by 
the technique of Kelly et al. (8), and phosphoglucomutase by the method 
of Sutherland (9). Phosphorylase activity was measured by using the 
assay system of Sutherland and Wosilait (10), with the incubation time 
increased from 10 to 30 minutes. 

For these assays, tissues were homogenized in a TenBroeck glass homog- 
enizer or in a Potter-Elvehjem homogenizer; for some experiments the tis- 
sue was ground with sand in a mortar. 


EXPERIMENTAL 


Intracellular Corticosteroid Content during ACTH Stimulation—Experi- 
ments were performed to see whether ACTH caused a change in the intra- 
cellular corticosteroid content, because it was thought that, if ACTH acts 
primarily to increase corticosteroidogenesis, ACTH should increase the in- 
tracellular content of corticosteroids in the adrenal cortex. On the other 
hand, if ACTH acts primarily to stimulate the release of corticosteroids 
from the adrenal cell, then one would expeet to find some decrease in the 
intracellular corticosteroid level. The intracellular content and distribu- 
tion of corticosteroids in adrenal slices were determined under the follow- 
ing conditions. After 20 minutes incubation with and without ACTH 
added to the medium, adrenal slices were washed with Ringer’s solution 
and homogenized in 5 ml. of solution containing 0.06 m sodium acetate 
buffer (pH 3.5) and 0.176 m sucrose. The resulting homogenate was cen- 
trifuged 45 minutes at 2-5° at a force of approximately 6000 X g or 30 
minutes at 100,000 X g, and the supernatant and sedimented portions were 
analyzed separately. Table I shows the results of a typical experiment; 
ACTH significantly increased the intracellular corticosteroid content and 
this increase occurred largely in the soluble fraction of the cells. Other 
experiments performed under the same conditions gave similar results. It 
was concluded that ACTH acted primarily on corticosteroid synthesis 
rather than on corticosteroid release. 

Factors Influencing Corticosteroid Synthesis by Homogenates—The char- 


1 The tetrazolium dye techniques measure the reducing value of the corticoster- 
oids, which is a function of the a-ketol side chain; thus they do not necessarily indi- 
cate the quantity of biologically active steroids present. 
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acteristics of adrenal homogenates were investigated in order to delineate 
some of the conditions and factors influencing corticosteroid synthesis. 
The homogenates were prepared from adrenal slices which were incubated 
for 30 minutes in a Ringer’s solution with or without ACTH added, washed 
with cold 10 per cent sucrose, blotted, and homogenized with enough 10 
per cent sucrose to make a 50 per cent homogenate; this was centrifuged at 
5° at 350 X g for 6 minutes. Aliquots of the supernatant fluid (0.4 ml.) 
were used for incubation. Potassium phosphate buffer (0.1 mM, pH 7.4) 
was added to a final concentration of 2 K 10-? M, and nicotinamide to a 
final concentration of 2.8 X 10-? mM; addition of other components was 


TABLE I 
Effect of ACTH on Intracellular Corticosteroids 
The content of corticosteroids was determined in the soluble and sedimented (45 
minutes at 6000 * g) fractions of adrenal slices at the end of 20 minutes incubation 
with and without ACTH. The values are in micrograms of corticosteroids per gm. 
(wet weight) of adrenal tissue. 


Control slices ACTH-treated slices 
Sedimented fraction Soluble fraction a ay — 
4.5 1.9 3.5 6.9 
3.5 4.6 4.3 6.4 
4.0 4.3 5.6 8.7 
4.8 5.8 8.7 
Mean values... .4.0 3.9 4.8 7.7 


Sums of means of soluble and sedi- 
mented fractions............... 7.9 | 12.5 


made at the same time. The tubes were shaken for 30 minutes at 37° 
with air as the gas phase and analyzed for their corticosteroid content. 
Table II shows the data of such an experiment. As reported by Reich and 
Lehninger (11), the addition of fumarate to the homogenates greatly in- 
creased the production of corticosteroids; other experiments confirmed this 
repeatedly and, moreover, showed that the additions of acetate, acetoace- 
tate, or cholesterol to the homogenates did not influence the production of 
corticosteroids. It can be seen in Table II that the addition of TPN? to- 
gether with fumarate enhanced corticosteroid production, whereas the ad- 
dition of the same concentration of TPN alone had no effect. In relation 


*TPN, triphosphopyridine nucleotide; TPNH, reduced triphosphopyridine nu- 
cleotide. 
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to this finding, Sweat and Lipscomb (12) have reported that fumarate 
stimulates 118-hydroxylase activity of enzyme preparations from the ad. 
renal cortex by maintaining TPN in the reduced form, the reduction being 
mediated by a transhydrogenase. Inasmuch as TPN and fumarate af. 


TABLE II 
Production of Corticosteroids by Adrenal Homogenates 


The values are expressed as micrograms of corticosteroids produced per gm. of 
adrenal tissue (wet weight) during a 30 minute incubation of the homogenates. ll 
the values represent the mean of duplicate incubations. In homogenate experiments 
of this type, zero time values of corticosteroids were usually in the range of 15 to 
40 y per gm. of tissue. In this particular experiment the initial value was 33 ¥ of 
corticosteroids per gm. of adrenal tissue. 


Additions Corticosteroid formation 
2 

(4 10°? + TPN (4 X 136 
TPNH (6 X 10-3 M).. 22 

TABLE III 


Influence of Various Additions on Corticosteroid 
Production of Adrenal Homogenates 


The values are expressed as micrograms of corticosteroids produced per gm. of 
adrenal tissue (wet weight) during a 30 minute incubation period. All the values 
represent the mean of duplicate incubations. Homogenates were fortified with 
TPN, 4 X 


Glucose-6-PO, (10-2 M)............. es 110 102 
Glucose-1-PO, (107? 91 87 
Glycogen (10 mg. per ml.)............ 5 14 

+ liver phosphorylase. ..... 69 62 


fected the over-all corticosteroid production of homogenates in a striking 
manner, the possibility was considered that it might be reduced TPN which 
was the true stimulating component in this system. Indeed, as can be 
seen in Table II, the addition of large amounts of reduced TPN did have 
a stimulating effect in the absence of fumarate. 

Kelly et al. (8) have demonstrated that there is a very high level of ac- 
tivity of glucose-6-phosphate dehydrogenase in the adrenal cortex. Since 
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this enzyme forms reduced TPN in the process of dehydrogenating glucose- 
§-phosphate, it was thought that, if reduced TPN were indeed the critical 
stimulating factor, then the addition of glucose-6-phosphate to the homogen- 
ates should increase corticosteroidogenesis. Table III shows that the 
addition of glucose-6-phosphate was effective. In other experiments it was 
found that fumarate plus glucose-6-phosphate was no more effective than 
glucose-6-phosphate alone. 

It was found that glucose-1-phosphate was nearly as effective in stimu- 
lating corticosteroid synthesis as was glucose-6-phosphate. This can be 
seen from the data of Table III. These findings suggested that the phos- 
phoglucomutase of the adrenal cortex is highly active, and consequently 
glucose-1-phosphate can be converted rapidly to glucose-6-phosphate. 

Relationship of Phosphorylase to Steroidogenesis—The addition of glyco- 
gen failed to produce the strong stimulus to corticosteroid synthesis that the 
two glucose phosphate esters elicited, indicating that phosphorylase is 
relatively inactive in the adrenal cortex and thus constitutes a rate-limit- 
ing step which might be a point of hormonal control. Such a situation 
has been shown to exist in liver, where phosphorylase activity limits the 
rate of glucose production from glycogen, and the level of phosphorylase 
activity is regulated by epinephrine and glucagon (13). That the concen- 
tration of phosphorylase has a profound effect on the production of corti- 
costeroids in these homogenates can be seen from the data of Table ITI, 
last line. A purified preparation of liver phosphorylase was added (the 
final concentration was 100 y per ml.) to homogenates fortified with glyco- 
gen, and a marked stimulation of corticosteroidogenesis occurred. Paper 
chromatography indicated that this increase in corticosteroids occurred in 
compounds more polar than cortisol. 

In experiments in which homogenates were fortified with glycogen it was 
found that homogenates prepared from ACTH-treated slices produced 
several times more corticosteroids than did homogenates prepared from 
control slices although the absolute output of corticosteroids was small 
with both types of homogenates. The same difference in steroid pro- 
duction was seen occasionally without added glycogen, but could not be 
reproduced consistently. It may be that homogenates responding without 
added glycogen had a relatively high intrinsic content of glycogen. The 
results of three experiments in which glycogen was added are presented 
in Table IV. The difference in rates of corticosteroidogenesis between 
“control” and “ACTH” homogenates suggested that there was a higher 
phosphorylase level present in homogenates prepared from ACTH-treated 
slices. 

The effect of ACTH on phosphorylase activity of adrenal slices was then 
investigated. It was found that, if adrenal slices were incubated with 
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ACTH, then chilled, homogenized, and the homogenates assayed for phos. 
phorylase activity, there was a definite increase in phosphorylase activity 
ranging from 30 to several hundred per cent greater than the phosphorylase 


TABLE IV 
Effect of Added Glycogen on Corticosteroid Production of Homogenates 


The values are expressed as micrograms of corticosteroids produced per gm. of 
tissue (wet weight) during a 30 minute incubation of the homogenates. All the 
homogenates were fortified with TPN, 4 X 10-4 a. 


No addition Glycogen added 
Experiment No. 
Homogenates Homogenates 
Homogenates Homogenates 
from control slices | from control slices | 


2 1,3 3,2 6, 3 14, 13 
2,* 2" 7,* 8* 

2,t 6f 


i i 


* Ascorbic acid 10-2 m added. 
t Incubation time, 120 minutes. 


TABLE V 
Phosphorylase Activity of ACTH-Treated Tissue Slices 


The values are in micromoles of phosphate released per gm. of tissue (wet weight) 
during the 30 minute incubation of a standard phosphorylase assay. 


Phosphorylase | Phosphorylase 
| 
slices slices 
A Assay of sucrose solution homogenate 12 24 
 ** NaF solution homogenate 19 42 
B Assay of sucrose solution homogenate 11 15 
solution homogenates 15 3 yy 
17 25 


activity of similarly treated control slices to which no ACTH had been 
added. Table V shows the results of two such experiments; the phospho- 
rylase activity of homogenates made in sucrose solutions is reported, 
together with assays of homogenates prepared in 0.1 M sodium fluoride so- 
lution.2 Comparable results were obtained when the results of the phos- 

$ Fluoride solutions were used because of the possibility that the inactivation of 


adrenal phosphorylase may be inhibited by fluoride as is the inactivation of liver 
phosphorylase (14). 
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phorylase assays were determined by a quantitative glycogen-iodine color 
technique. When tissue extracts were incubated under the conditions of 
the phosphorylase assay, but no primer glycogen was added to the system, 
the liberation of inorganic phosphate decreased to approximately 12 per 
cent of the amount liberated in the presence of primer glycogen. This 
fnding, coupled with the demonstration of increases in the iodine-glycogen 
color during phosphorylase assay, is good evidence that the liberation of 
inorganic phosphate from glucose-1-phosphate was truly the result of phos- 
phorylase activity and not the result of phosphatase action. The differ- 
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MINUTES OF SLICE INCUBATION 


Fic. 1. Effect of ACTH on phosphorylase activity of adrenal tissue slices. Phos- 
phorylase activity is given in micromoles of inorganic phosphate liberated from glu- 
cose-1-phosphate per gm. (wet weight) of adrenal tissue during the phosphorylase 
assay. Kach value represents the mean of duplicate slice incubations. X, phos- 
phorylase activity of slices to which ACTH (approximately 1 unit per gm. of tissue) 
had been added at zero time. @, phosphorylase activity of slices to which saline 
had been added at zero time. 


ence in phosphorylase activity between extracts prepared from ACTH- 
treated slices and control slices was maintained when the phosphorylase 
was precipitated with ammonium sulfate. This suggested that the activa- 
tion of phosphorylase brought about by ACTH represents a change in or 
on the phosphorylase molecule itself. 

Fig. 1 shows the rate at which phosphorylase activation occurs in tissue 
slices. It can be seen that 1 minute after ACTH addition there was a 
definite increase in the level of phosphorylase activity. 

Specificity of Response of Phosphorylase to ACTH—A number of sub- 
stances have been tested for the ability to activate adrenal phosphorylase. 
No compound other than ACTH has shown an effect on adrenal phospho- 
tylase under the experimental conditions employed. Substances tested in- 
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cluded epinephrine, glucagon, insulin, bovine albumin, bovine globulin, and 
sodium salicylate. On the other hand, ACTH was tested in a disrupted 
cell preparation of liver which consistently responds to glucagon and epi- 
nephrine with an increased phosphorylase concentration (15). ACTH had 
no effect on this system. Thus it would appear that the adrenal phos. 
phorylase activation is highly specific for ACTH, and ACTH is not capable 
of activating phosphorylase in one other tissue tested, the liver. 

In one experiment, two other enzymes of the adrenal cortex were assayed 
simultaneously with phosphorylase; these enzymes were phosphoglucomu- 
tase and glucose-6-phosphate dehydrogenase. It was found that, whereas 
ACTH caused an activation of phosphorylase under the conditions of the 
experiment, no effects on phosphoglucomutase and glucose-6-phosphate de- 
hydrogenase were noted. Thus it would appear that the augmentation of 
phosphorylase activity by ACTH is not merely the result of a general 
enzymatic activation, but is a specific effect of ACTH. 


DISCUSSION 


Because the intracellular content of corticosteroids was increased after 
ACTH stimulation, it was concluded that ACTH acts to stimulate corti- 
costeroid synthesis rather than release, and it was possible to proceed ex- 
perimentally on this basis. 

The discovery of Sweat and Lipscomb (12) of the importance of reduced 
TPN in certain oxidations performed by the adrenal cortex made possible 
a coherent explanation of the stimulation noted when TPN and fumarate 
or TPN and a glucose phosphate ester were added to adrenal homogenates. 
Further studies with homogenates suggested that ACTH might act to 
regulate the level of glucose-6-phosphate in the adrenal cortex by stimulat- 
ing phosphorylase activity. The finding that ACTH does indeed increase 
phosphorylase activity of adrenal tissue slices lends strong support to the 
concept that ACTH accelerates corticosteroid synthesis by activating phos- 
phorylase. This activation presumably causes larger amounts of glucose- 
1-phosphate to be formed from glycogen. The glucose-1-phosphate is rap- 
idly converted to glucose-6-phosphate, which is oxidized largely by the 
dehydrogenase system (8). The dehydrogenase reactions generate reduced 
TPN which appears to stimulate corticosteroid synthesis. 

This concept of action of ACTH is consistent with the findings of Noble 
and Papageorge (16), who found that stimulation of the adrenal cortex is 
accompanied by a fall in glycogen content of the gland. 

The activation of phosphorylase by ACTH is rapid and specific in terms 
of both the activator and enzyme. For these reasons, plus the fact that 
phosphorylase activity appears to be rate-limiting in adrenal homogenates 


4 Personal communication from Dr. Jacques Berthet. 
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fortified with glycogen and TPN, it is felt that the activation of phospho- 
rylase by ACTH is of major importance in the stimulation of the adrenal 
cortex to synthesize and release increased quantities of corticosteroids. 

Stone and Hechter (17) have presented evidence that the rate-limiting 
steps in corticosteroid synthesis occur between cholesterol and pregnen- 
olone. It will be of interest to learn whether these enzymatic reactions 
require reduced TPN. The concepts proposed in this paper would imply 
that this was so. 


SUMMARY 


1. Adrenocorticotropic hormone (ACTH) acts to increase the concen- 
tration of corticosteroids within adrenal cells; thus the primary action of 
ACTH is on synthesis rather than release of the corticosteroids. 

2. The rate of synthesis of corticosteroids in beef adrenal homogenates 
appears to depend upon the rate of production of reduced triphospho- 
pyridine nucleotide (TPN). Because of the high level of activity of the 
TPN-dependent enzyme, glucose-6-phosphate dehydrogenase, in adrenal 
tissue, glucose-6-phosphate added to homogenates can serve as a generator 
of reduced TPN. 

3. In beef adrenal homogenates to which glycogen has been added, the 
concentration of glucose-6-phosphate appears to depend primarily upon 
the phosphorylase activity of the preparation. Addition of phosphorylase 
enzyme to such a preparation stimulates corticosteroid synthesis. 

4. ACTH causes a rapid and specific activation of phosphorylase in ad- 
renal tissue slices. 

5. It is thought that one major mechanism by which ACTH stimulates 
corticosteroid synthesis is the following: ACTH increases phosphorylase 
activity; this, in turn, converts glycogen to glucose-1-phosphate at an in- 
creased rate. Glucose-l-phosphate is rapidly converted to glucose-6- 
phosphate, which is metabolized primarily by dehydrogenation. In the 
process of dehydrogenation reduced TPN is generated; reduced TPN then 
stimulates the processes of corticosteroid synthesis. 


The continued interest, advice, and encouragement of Dr. E. W. Suther- 
land are gratefully acknowledged. The authors also wish to thank Dr. 
Max L. Sweat for a generous gift of reduced TPN and for his help concern- 
ing problems of paper chromatography. 
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Previous studies (1, 2) have indicated that gluconate is extensively 
metabolized in the mammal without prior conversion to glucose. The in- 
terpretation of experiments performed with labeled gluconate has rested 
upon the assumption (3) that gluconate is converted to 6-phosphogluconate 
in the course of its metabolism. ‘The enzyme, gluconokinase, which cata- 
lyzes this reaction has been partially purified from Escherichia colt (4) and 
yeast (5), but has not previously been demonstrated in mammalian sys- 
tems. In the present study, the phosphorylation of gluconate according to 
Equation 1 has been shown to occur in extracts of mammalian tissues and 
the enzyme, gluconokinase, has been partially purified from hog kidney. 


Mg++ 


Gluconate + ATP! > 6-phosphogluconate + ADP (1) 


A brief summary of some of these results has appeared (6). 


Materials and Methods 


The following nucleotides, except where otherwise noted in the text, were 
obtained from either the Sigma Chemical Company or the Pabst Labora- 
tories: ITP, UTP, GTP, ADP, DPNH, TPN, and crystalline ATP. Phos- 
phoenol pyruvate was prepared by an unpublished procedure of Mr. Wil- 
liam E. Pricer of this Institute. It contained no detectable free pyruvate. 
6-Phosphogluconate was prepared by bromine oxidation of glucose-6-phos- 
phate (7). We are indebted to Dr. Nelson K. Richtmyer and Dr. James 
W. Pratt of this Institute for crystalline salts or lactones of the following 
sugar acids: L-gluconate, p-arabonate, L-arabonate, D-xylonate, p-altronate, 
D-talonate, pD-allonate, p-gulonate, p-mannonate, and p-glycero-p-gluco- 
heptonate. Glucuronolactone was obtained from the Corn Products Re- 
fining Company and potassium gluconate from the Mallinckrodt Chemi- 
cal Works. Phosphogluconic dehydrogenase was prepared from brewers’ 
yeast through the ammonium sulfate step as described by Horecker and 


‘The following abbreviations are used: ATP, adenosine triphosphate; UTP, 
uridine triphosphate; ITP, inosine triphosphate; GTP, guanosine triphosphate; 
ADP, adenosine diphosphate; IDP, inosine diphosphate; TPN, ee 
nucleotide : DPNH, reduced ridine. 
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Smyrniotis (8). It was most stable when stored in the cold as a lyophilized 
powder. Crystalline lactic dehydrogenase was obtained from the Worth- 
ington Biochemical Corporation. ‘This preparation contained a very active 
phosphoenolpyruvic kinase and traces of ATPase and adenylate kinase, 
Hexokinase was obtained from the Pabst Laboratories and glucose-6-phos- 
phate dehydrogenase from the Sigma Chemical Company. ATP was de. 
termined by means of the combined action of hexokinase and glucose-6- 
phosphate dehydrogenase (9) and ITP by the modification of this method 
described by Berg and Joklik (10). ADP and IDP were determined by 
the phosphoenolpyruvic kinase-lactic dehydrogenase method described by 
Kornberg and Pricer (11). 


RESULTS AND DISCUSSION 


Purification of Enzyme 

Assay—lIn the routine assay, a unit of enzyme is defined as that quantity 
which forms 1 umole of 6-phosphogluconate in 10 minutes at 34°. 6-Phos- 
phogluconate was determined spectrophotometrically by means of 6-phos- 
phogluconic dehydrogenase essentially as described by Horecker and Smyr- 
niotis (8). The assay mixture contained 40 uwmoles of maleate buffer, pH 
6.2, 6 umoles of MgCle, 10 umoles of ATP, 2.5 umoles of gluconate, and the 
enzyme preparation to be assayed in a total volume of 1 ml. The reaction 
was carried out at 34° for 10 minutes and was stopped by heating the mix- 
ture in a boiling water bath for 2 minutes. A control incubated without 
gluconate was included in each assay. ‘To measure the 6-phosphogluconate 
formed, an aliquot (usually 0.2 ml.) was added to a 1.0 cm. spectrophotom- 
eter cell containing 50 wmoles of glycylglycine buffer, pH 7.5, 1.5 wmoles of 
TPN, 6 umoles of MgCls, and water to make 0.97 ml. An initial reading 
was made at 340 muy, and 0.03 ml. (0.1 mg. of protein) of 6-phosphoglu- 
conic dehydrogenase was added. The increase in optical density at 340 
my was used to calculate the amount of 6-phosphogluconate synthesized 
on the basis of an extinction coefficient of 6.22 K 10° sq. cm. per mole (12) 
for reduced pyridine nucleotides. 

An alternative spectrophotometric assay combining the action of glu- 
conokinase and 6-phosphogluconic dehydrogenase was used in several ex- 
periments. Relatively large amounts of dehydrogenase were required in 
this procedure and therefore it was necessary that this preparation be es- 
sentially free from yeast gluconokinase. In this assay a unit of enzyme 
may be defined as that amount which causes an optical density change of 
1.0 per minute at 340 my ina 1.0 cm. cell. The reaction mixture contained 
1.5 umoles of TPN, 6 wmoles of MgCl, 40 umoles of maleate buffer, pH 
6.2, 2 mg. of 6-phosphogluconic dehydrogenase, 10 uwmoles of ATP, 2.5 
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ymoles of gluconate, and the enzyme to be assayed in a total volume of 
|0ml. The reaction was started by the addition of the latter enzyme and 
readings were made at 1 minute intervals for several minutes. 

Protein was determined by the method of Biicher (13). Proportionality 
between enzyme concentration and activity was obtained with both assays. 
The proportionality of the routine assay procedure is indicated in Fig. 1, 
A. Fig. 1, B demonstrates that the reaction rate is linear with time when 
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Fic. 1. Proportionality of routine assay (A) and linearity of reaction rate (B). 
In A, the mixture contained 40 umoles of maleate buffer, pH 6.2, 6 umoles of MgCl., 
10 umoles of ATP, 2.5 umoles of gluconate, and gluconokinase in a final volume of 1.0 
ml. The incubations were carried out at 34° for 10 minutes. The reaction was 
stopped by heating the mixture in boiling water for 2 minutes, and aliquots were 
assayed for 6-phosphogluconate as described in the text. In B, 0.35 unit of enzyme, 
specific activity 0.45, was incubated in a total volume of 5 ml. under conditions of the 
routine assay. 1 ml. aliquots were removed at intervals and assayed for 6-phospho- 
gluconate. 


measured by this procedure. Throughout this paper, enzymatic activity 
is expressed in terms of the routine assay unit of Fig. 1, A. 


Purification of Enzyme 


Gluconokinase activity was present in dialyzed extracts of rat kidney 
and liver. Hog kidney had approximately the same activity as that of the 
rat and provided a more convenient starting material. ‘The results of a 
typical fractionation are presented in Table I. 

Four to five kidneys which had been stored at —15° were thawed and 
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the cortices were separated. 450 gm. of cortex were treated in the Waring 
blendor with 700 ml. of 0.1 m phosphate buffer,? pH 7.4, for 2 minutes 
The suspension was centrifuged at 2° for 40 minutes at 4700 r.p.m. The 
turbid supernatant fluid was carefully decanted and the residue reextracted 
in the Waring blendor for 1 minute with 750 ml. of cold water. The mix. 
ture was centrifuged as above, the supernatant fluid combined with the 
first extract, and the total volume brought to 1700 ml. with cold wate 
(Crude extract, Table I). 

First Acetone Fractionation—The crude extract was adjusted to pH 50 
with approximately 21 ml. of 2 N acetic acid and, after 5 minutes at 3-5° 
the pH was brought to 5.5 with 4 ml. of 5N KOH. The precipitate which 
formed in this process was not centrifuged. The mixture was chilled to 
0°, and 800 ml. of acetone, previously cooled to — 10° to — 15°, were added 


TABLE I 
Purification of Gluconokinase 
Fraction Total units* Specific activityt 
Ist acetone Fraction IV...............| 340 0.125 
Ammonium sulfate Fraction I]... 180 0.32 


2nd acetone Fraction II............... 100 0.64 


* A unit is defined as that amount of enzyme which forms 1] umole of 6-phospho- 
gluconate in 10 minutes at 34° under the conditions described in the text. 
t Expressed as units per mg. of protein. 


over a period of 30 minutes. The mixture was cooled to —8° during the 
addition and, after 5 minutes at this temperature, the precipitate was cen- 
trifuged and discarded. Two successive fractionations were made at —10° 
with 172 ml. of acetone each. These additions took 5 minutes and the 
mixtures were stirred for 5 minutes before centrifugation. The precipitates 
were discarded and the supernatant fluid (approximately 2500 ml.) was 
treated with 1340 ml. of acetone added over a period of 10 minutes at 
—11° to —12°. After being stirred for 5 minutes, the precipitate was 
collected by centrifugation, dissolved in approximately 150 ml. of 0.02 ™ 
phosphate buffer, pH 7.4, and twice dialyzed for 2 hours against 2 liters of 
this buffer. This fraction (First acetone Fraction IV) may be frozen over- 
night with less than 3 per cent loss in activity. 

Ammonium Sulfate Fractionation—Acetone Fraction 1V was diluted with 
water to contain 10 mg. of protein per ml. and the pH adjusted to 7.5 with 
2.5 M ammonium hydroxide. <A precipitate which sometimes formed at 
this point was removed by centrifugation. The solution (304 ml.) was 


2 Glass-distilled HeO was used throughout. 
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brought to 48 per cent saturation by the addition of 84 gm. of solid am- 
monium sulfate over a period of 40 minutes, the pH being kept at 7.4. 
The precipitate was centrifuged and discarded. The supernatant solution 
(325 ml.) was brought to 56 per cent saturation with 15.3 gm. of ammonium 
sulfate as above and, after centrifugation, the precipitate was dissolved in 
93 ml. of 0.02 m phosphate buffer, pH 7.4 (Ammonium sulfate Fraction 
II). 

Sasa Acetone Fractionation—The ammonium sulfate fraction was dia- 
lyzed overnight against 10 liters of slowly flowing distilled water. Usually 
less than 10 per cent of the activity was lost during this operation. Water 
was added to the dialyzed enzyme to give a solution (116 ml.) containing 
3to 5 mg. of protein per ml. The pH was adjusted to 5.4 with a few 
drops of 0.1 N acetic acid and 62.5 ml. of acetone, chilled to —10°, were 
added over a period of 10 minutes. During the addition, the mixture was 
cooled to —8° and, after 5 minutes, the mixture was centrifuged and the 
precipitate discarded. 39.4 ml. of acetone were added to the supernatant 
solution (165 ml.) at —10° over a 15 minute period and, after being stirred 
for 5 minutes, the precipitate was collected by centrifugation and dissolved 
in 0.025 m glycylglycine buffer, pH 7.4 (15.5 ml., Second acetone Fraction 
II). 

The final preparation contained a highly active adenylate kinase and 
nucleoside diphosphokinase (14). Various preparations contained little or 
no ATPase and no hexokinase activity. When stored for 3 weeks, the en- 
zyme lost less than 10 per cent of its activity at —15° and approximately 
50 per cent at 3°. Preparations which had been frozen and thawed some- 
times became slightly turbid at pH 6.2. The component causing this tur- 
bidity could be removed by centrifugation at pH 5.5 with little loss in 
gluconokinase activity. 


Identity of Product 


The identification of the product as 6-phosphogluconate through its ac- 
tivity as substrate for 6-phosphogluconic dehydrogenase was confirmed by 
paper chromatography. The barium salt of the presumed 6-phosphoglu- 
conate was isolated by repeated alcohol precipitation and chromatographed, 
in parallel with synthetic 6-phosphogluconate, in the methanol-formic acid 
and methanol-ammonia solvents described by Bandurski and Axelrod (15). 
Both substances gave identical Rr values of 0.32 and 0.57 in the respective 
solvents. When mixed with synthetic 6-phosphogluconate (7), a single 
spot of the same R, was obtained. 


Properties of Enzyme 
Effect of pH—The enzyme had maximal activity at pH 6.2 (Fig. 2). 
The same pH optimum was obtained in either maleate or phosphate buffer. 
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pH 
Fic. 2. pH optimum of gluconokinase. The routine assay of Fig. 1, A was used, 
except that each tube contained 80 umoles of phosphate buffer. 
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-4 +2 
LOG. MgSO, CONCENTRATION 
Fic. 3. ATP-Mg** relationship. Each tube contained 0.75 unit of enzyme, spe- 
cific activity 0.64. ATP was included at three levels: 0.005 m, &; 0.001 mM, @; and 
0.0001 M, O. The Mg** concentration was varied as indicated. The other compo- 
nents were the same as in the routine assay of Fig.1, A. Incubations were performed 
at room temperature for 10 minutes. 


Metal Activation-—-In the absence of added divalent cations, different 
preparations of the enzyme exhibited from less than 1 to approximately 10 
per cent of the maximal activity observed in the presence of Mg++. Mn, 
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In*+, Co*+*, and Ca** could substitute for Mg++ with decreasing effective- 
ness, the last being one-third as active as Mg*+. 

Mgtt-ATP Relationship—At given ATP levels, maximal activity was 
obtained when the ratio of Mg++ to ATP was 1:2. At higher relative con- 
centrations, Mg** was inhibitory (Fig. 3). This relationship of the con- 
centrations of Mg*+ to ATP corresponds to that found by Hers (16) for 
fructokinase at low concentrations of alkaline cations. High levels of ATP, 
tested in the presence of optimal Mgt** concentrations, were found to ac- 
celerate the reaction beyond that predicted for Michaelis-Menten (17) 
kinetics (Fig. 4). This activating effect may be due to the removal of an 
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Fic. 4. Effect of ATP concentration. The conditions were as described for the 


routine assay of Fig. 1, A. Each tube, containing 0.023 unit of enzyme, specific ac- 
tivity 0.64, was incubated for 20 minutes at room temperature. 


inhibitory metal ion by the formation of a complex with ATP (18), as sug- 
gested by the data on Cut ion inhibition discussed below. 

Inhibition of Gluconokinase—The data presented in Table II indicate 
that the enzyme is inhibited by Cut+ ions and by p-chloromercuribenzoate. 
Experiment 2 demonstrates that 0.01 m ATP partially protects the enzyme 
from Cut+ ion inhibition. That the lack of protection in the presence of 
0.0001 a ATP is not owing to the concomitant decrease in the Mgt+ ion 
concentration is demonstrated in Experiment 3, which shows that the pro- 
tective effect of 0.01 m ATP is enhanced when the concentration of Mgt+ 
ions is reduced. These results are consistent with the suggestion men- 
tioned above that the activating effect of high concentrations of ATP 
might be owing to the binding of a heavy metal contaminant in the test 
system. 
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The inhibition of gluconokinase by p-chloromercuribenzoate was not pre. 
vented by the presence of Mgt* plus gluconate or Mgt* plus ATP. Fly. 
oride (0.01 m) and iodoacetate (0.001 m) did not inhibit the enzyme. 

Substrate Specificity—The purified enzyme is devoid of activity toward 
all of a number of substances tested except D-gluconate. The specificity 
was studied by testing for the formation of ADP in the presence of the test 


TaBLe II 
Inhibition of Gluconokinase 

Each tube contained approximately 0.12 unit of gluconokinase, specific activity 
0.58. In the first three experiments, the conditions were the same as in the routine 
assay, except for the variation in the concentrations of ATP and Mg?** as indicated, 
In Experiment 4, the enzyme was preincubated with p-chloromercuribenzoate for 10 
minutes in the presence of 50 uwmoles of glycylglycine buffer, pH 7.0, at 34°. The 
components of the routine assay were then added to start the incubation. All the 
tubes were incubated for 15 minutes. 


Inhibitor ae MgSO. ‘luconate Inhibition 
mmole perl. \mmoles per l. mmoles per l. umole per cent 
1 Cupric acetate 0 10.0 5 0.18 
0.1 10.0 5 0.12 33 
0.5 10.0 5 0.089 51 
1.0 10.0 5 0.035 80 
2 “ 0 10.0 5 0.19 
0.5 10.0 5 0.096 50 
0 0.1 0.05 0.063 
0.5 0.1 0.05 0 100 
3 0 10.0 5 0.18 
0.5 10.0 5 0.077 57 
0 10.0 0.05 0.032 
0.5 10.0 0.05 0.020 37 
4 p-Chloromercuri- 0 0.18 
benzoate 0.0005 0.18 0 
0.001 0.18 0 
0.01 0.074 59 


substrate by means of the lactic dehydrogenase-pyruvic kinase test sys- 
tem. Because the purified enzyme contained a very active adenylate 
kinase and AMP was present as an impurity, an initial formation of ADP 
was always observed in the absence of substrate. This reaction was 4l- 
lowed to go to completion over a period of 5 to 10 minutes before the test 
substrate was added. A typical test is illustrated in Fig. 5. The follow- 
ing compounds have been tested and found to be without activity as sub- 
strates: p-glycerate, p-glucose, p-glucuronate, L-gluconate, p-arabonate, 
L-arabonate, pD-altronate, p-talonate, p-allonate, p-gulonate, p-galactonate, 
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Fic. 5. Substrate specificity of ghluconokinase. Each cuvette contained 40 wmoles 
of maleate buffer, pH 6.2, 0.5 umole of ATP, 0.25 umole of MgSO,, 1 mg. of lactic 
dehydrogenase-pyruvie kinase, 0.4 umole of phosphoenol pyruvate, 0.15 umole of 
DPNH, and 0.15 unit of gluconokinase, specific activity 0.64. At the first arrow, 2.5 
umoles of test substrate (p-xylonate, O; p-glycero-p-glucoheptonate, @) were added 
to two cuvettes and H.O to a third. The final volume was 1 ml. At the second ar- 
row, H.O and 2.5 wmoles of p-gluconate were added as indicated. Corrections have 
been made for density changes owing to dilution at the points of addition. 
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Fic. 6. Effect of gluconate concentration. The conditions were as described for 
the spectrophotometric assay. Each cuvette contained 0.11 unit of enzyme, specific 
activity 0.6. 
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D-mannonate, pD-xylonate, and p-glycero-p-glucoheptonate. The com. 
pounds tested include all the p-hexonic acids except idonic acid. The 
adaptive gluconokinase of FE. coli has also been found (4) to exhibit strict 
specificity for p-gluconate. 

Maximal activity was obtained with gluconate concentrations of approxi- 
mately 1.7 X 10-* M, and the K, estimated from the Lineweaver-Burk plot 
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Fic. 7. Assay of gluconate. The reaction mixture contained 100 umoles of gly- 
cylglycine buffer, pH 7.0, 2.5 umoles of MgCl., 0.3 umole of TPN, 5 umoles of ATP, 
1.5 mg. of phosphogluconic dehydrogenase, 2 units of gluconokinase, and 0.05 pmole 
of gluconate added at the arrow. The total volume was 1.0 ml. 


(19) was 1.4 X 10-* (Fig. 6). By combining the action of gluconokinase 
with 6-phosphogluconic dehydrogenase, gluconate could be quantitatively 
determined as illustrated in Fig. 7. The reaction was run at pH 7.0, 
which is intermediate between the pH optima of the two enzymes. Be 
cause of the presence of hexokinase and glucose-6-phosphate dehydrogenase 
in the 6-phosphogluconic dehydrogenase preparation, this procedure can- 
not be directly applied to the analysis of gluconate in the presence of glu- 
cose. 
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Nucleotide Specificity—UTP, ITP, and GTP were active in the glucono- 
kinase reaction; the activities relative to ATP were 1.3, 0.6, and 0.25, re- 
spectively. The interpretation of these results was complicated by the 
presence of nucleoside diphosphokinase in the purified enzyme and the 
likelihood that ADP was a contaminant of the nucleotides used. A sample 
of enzyme, treated with Dowex 1 chloride to remove any ADP which might 
be associated with the enzyme, was tested with UTP which had been chro- 
matographed on Dowex 1 (20) and was free from adenine nucleotides.’ 
Although the treatment with the resin resulted in a 37 per cent loss in ac- 
tivity, the ratio of the activity of UTP to ATP was unchanged. 


TaBLeE III 
Stoichiometry of Gluconokinase Reaction 


All the tubes contained 40 uzmoles of maleate buffer, pH 6.2, and 6 umoles of MgCl:. 
In addition, the complete system contained, in Experiment 1, 1.8 uwmoles of gluco- 
nate, 1.95 wmoles of ITP, and 0.5 unit of gluconokinase and, in Experiment 2, 3.1 
umoles of gluconate, 3.7 wmoles of ITP, and 1.0 unit of gluconokinase. The final 
volume was 1.0 ml. After incubation at 34° for approximately 30 minutes, the reac- 
tion was stopped by heating at 100° for 2 minutes. Aliquots were removed and as- 
sayed for ITP, IDP, and 6-phosphogluconate as described under ‘‘Materials and 
methods,’’ and for free gluconate as described in Fig. 7. All the values are ex- 
pressed as micromoles. 


Experi- 
ment No. 


Conditions 


A 6-phospho- 
gluconate 


A gluconate 


4 ITP 


l 


2 


Complete 
Gluconate omitted 
Complete 
Gluconate omitted 


+0.90 
0 

+2.46 
0 


—0.93 
0 

—2.30 
0 


Reaction Stoichiometry 
Because of the presence of adenylic kinase in the purified enzyme, bal- 


ance experiments were performed with ITP. The results, presented in 
Table III, are in accord with Equation 1. 


SUMMARY 


1. The phosphorylation of gluconate by adenosine triphosphate (ATP) 
in the presence of Mg** and an enzyme prepared from hog kidney has been 
studied. The enzyme, gluconokinase, has been partially purified, and the 
product of this reaction has been identified as 6-phosphogluconate. 

2. Only p-gluconate, of a number of sugar acids tested, serves as sub- 


*We are indebted to Dr. Wayne Kielley of the National Heart Institute for this 
material. 
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strate for this enzyme, but several divalent metals can substitute for Mg+ 
and uridine triphosphate can replace ATP. Inosine triphosphate and gua. 
nosine triphosphate can substitute for ATP with decreasing effectiveness, 
but indirect participation in the reaction via nucleoside diphosphokinase 
has not been excluded. 

3. At each level of ATP the optimal molar concentration of Mgt jg 
one-half that of ATP. Higher concentrations of Mgt? are inhibitory, 

4. The enzyme is inhibited by Cu** ions and by p-chloromercuriben. 
zoate, but not by fluoride or iodoacetate. ATP partially protects the en. 
zyme from Cu** inhibition. The relationship of this protection to the ae. 
tivating effect of high concentrations of ATP is discussed. 

5. The enzyme has been used for the quantitative determination of glu- 
conate spectrophotometrically. 
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INCORPORATION OF 8-AZAGUANINE AND GROWTH 
INHIBITION IN BACILLUS CEREUS* 


By H. GEORGE MANDEL 


(From the Department of Pharmacology, School of Medicine, 
George Washington University, Washington, D. C.) 


(Received for publication, August 1, 1956) 


Investigations on the mechanism of action of the purine antimetabolite, 
8-azaguanine, showed that this carcinostatic analogue was’ incorporated 
into the nucleic acid fractions of mammalian tissues, including tumors (1). 
The report by Bennett e¢ al. (2) of the increased uptake of 8-azaguanine 
by an 8-azaguanine-susceptible tumor compared to a non-sensitive tumor 
suggested that the incorporation of the drug into the nucleic acids was 
responsible for the inhibition of cellular proliferation and that a direct and 
causal relationship may exist between incorporation of 8-azaguanine and 
inhibition. 

A strain of Bacillus cereus has been reported to take up relatively large 
amounts of 8-azaguanine (3) while its growth was inhibited by the drug. 
Since the incorporation of the analogue into the mouse nucleic acids in- 
volved extremely minute quantities of the compound, this microbiological 
strain was selected for the present study. The conditions of incorporation 
of 8-azaguanine and the growth-inhibitory effect of this analogue were in- 
vestigated. A preliminary report of these investigations has been pre- 
sented (4). 


Materials and Methods 


The preparation of 8-azaguanine-4-C' (5), guanine-4-C™ (6), and 
4-amino-5-imidazolecarboxamide-4-C" (7) has been reported previously. 

Strain 569H of B. cereus, used as the principal microorganism through- 
out the present investigations, was kindly supplied by Dr. Matthews.! 
The normal bacterial medium! consisted of 1 per cent casein hydrolysate 
(Difeo casamino acids), 0.02 m sodium potassium phosphate of pH 7.2, 
0.0016 Mm magnesium sulfate, and 0.002 mm ferrous sulfate. 

Growth was carried out in plastic bottles at 37° with aeration, the air 
drawn through having been previously saturated with water vapor to 


* This research was aided by grants from the American Cancer Society, institu- 
tional grant No. 24H, and research grant No. C-308 from the National Cancer Insti- 
tute of the National Institutes of Health, Public Health Service. 

‘Courtesy of Dr. R. E. F. Matthews, Virus Research Unit, Molteno Institute, 
Cambridge, England. 
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prevent evaporation of the culture. At appropriate intervals bacteria] 
samples were collected by squeezing the incubation bottles and introdye. 
ing the suspension into a cuvette for immediate spectrophotometric assay, 

8-Azaguanine-C", dissolved in 0.5 per cent sodium carbonate solution, 
was added to the proliferating cultures once the bacteria had reached the 
characteristic growth rate. Incorporation was measured by cellular radio. 
activity, a technique by which almost exclusively 8-azaguanine in riboge 
nucleic acid (RNA) is measured (8). The usual concentration of 8-aza. 
guanine was 20 mg. per liter of medium. 

Radioassays of larger volumes of bacterial cells were made after centrif. 
ugation of aliquots of the bacterial suspensions, followed by washings 
with saline and plating on aluminum cups coated with a layer of lens 
paper. In the kinetic studies, Schleicher and Schuell membrane filters 
were used in a filter apparatus designed by Britten e¢ al. (9). For the total 
activity-uptake measurements, 3 ml. aliquots of bacterial suspensions were 
filtered directly, followed by washing with medium. Trichloroacetic acid 
(TCA)-insoluble bacterial residues were obtained by adding 3 ml. of the 
bacterial suspension to an equal volume of 10 per cent TCA. These sus. 
pensions were then filtered and washed with 1 per cent TCA. All washed 
filters were allowed to dry by blotting excess moisture and were glued into 
aluminum cups for radioactive counting. 

Bacteria were discarded after exposure to 8-azaguanine. For the re. 
covery of isotopic 8-azaguanine not utilized by the microorganisms, the 
supernatant solution, after centrifugation of the bacterial suspensions, was 
acidified at 0° with H.SO, until 0.1 m and an excess of silver nitrate was 
added. The resulting precipitate was separated by centrifugation, 
washed, and added to a solution of 0.7 M ammonium hydroxide. The 
residual silver purine precipitate was decomposed with 0.1 N HCl, and the 
solution was resolved by ion exchange chromatography on a column of 
Dowex 50 (1). The labeled 8-azaguanine could be isolated and recovered 
almost quantitatively at the end of the experiments. 

Morphology—Microscopic examination of the organisms before and af- 
ter exposure to 8-azaguanine indicated a slight elongation of the treated 
cells. The inhibited culture included many organisms 20 per cent longer 
than the controls, several up to 3 times the usual length of the rod-shaped 
microorganisms, and a few longer chains. The control culture tended to 
contain more uniform cells. 

Use of Spectrophotometer to Measure Growth—Growth was measured by 
light dispersion in a Beckman spectrophotometer, model DU, at 540 mp. 
Serial dilution of a suspension of microorganisms, inhibited with cyanide 
to prevent multiplication during the measurement process, yielded a linear 
relationship between concentration of the bacterial suspension and optical 
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density at readings of less than 0.4 (2 X 10° cells per ml.). Proliferation 
was recorded as the difference (A O. D.) between the optical density of the 
experimental measurement and that at the beginning of the experiment. 

The morphological change produced by 8-azaguanine did not affect the 
validity of the spectrophotometric assay, since viable counts of drug-in- 
hibited and control cultures at the same optical density values were identi- 
cal, within the limits of measurement. 


Results 


Conditions of Inhibition—Concentrations as low as 2 mg. of 8-azaguanine 
per liter of medium were growth-inhibitory to B. cereus when the drug was 
added before or during the logarithmic phase of growth. The addition of 
20 mg. of 8-azaguanine per liter of medium at the time of inoculation pre- 
vented visible proliferation of B. cereus for several days. When the 
analogue was added during the logarithmic phase of growth, no noticeable 
effect on the final bacterial concentration was observed. 

Conditions of Incorporation—The addition of 8-azaguanine to a culture 
of B. cereus before the logarithmic phase resulted in the incorporation of 
practically none of the compound, probably because of the small extent 
of growth under these conditions. The highest incorporation occurred 
when the analogue was added early during the logarithmic phase of 
growth. Ata concentration of 20 mg. of 8-azaguanine per liter, the highest 
relative extent of incorporation occurred when the analogue was added at 
concentrations of 5 X 107 to 108 cells per ml. (optical density readings at 
}40 mu, 0.1 to 0.2 respectively). The addition of the same concentration 
of 8-azaguanine to a culture at a later stage of proliferation resulted in less 
incorporation for the same extent of growth, as well as a decreased rate of 
incorporation of 8-azaguanine. 

Response to 8-Azaguanine by Differing Bacterial Strains—Two other 
strains of B. cereus, ATCC 9592 and ATCC 10702, incorporated 8-aza- 
guanine while being inhibited by the analogue, similarly to strain 569H. 
Escherichia coli, strain B, which was only slightly inhibited by the analogue, 
incorporated only a very small amount of 8-azaguanine compared with 
that incorporated by B. cereus. 

The possibility that the incorporation of 8-azaguanine was due to a 
mutant contained in the original strain of B. cereus, rather than being 
characteristic of the whole strain, was also examined. The incorporation 
of 8-azaguanine-C™ by a bacterial culture resuspended into fresh medium 
after 18 hours of inhibition with unlabeled 8-azaguanine was approxi- 
mately equal to that of a normal culture of B. cereus. Thus, the bacterial 
culture was not a mixture of drug-sensitive and drug-resistant microor- 


140 RESPONSES TO 8-AZAGUANINE BY B. CEREUS 


ganisms, but was homogeneous with respect to the responses to 8-azg. 
guanine. 

Response to 8-Azaguanine in Differing Media—In addition to the casein 
hydrolysate medium described, a completely synthetic glucose-salts me. 
dium also was capable of supporting growth of B. cereus. Its composi- 
tion, adapted from Cohen (10), consisted of 0.12 m disodium hydrogen 
phosphate, 0.011 mM potassium dihydrogen phosphate, 0.015 M ammonium 
sulfate, 0.8 mm magnesium sulfate, 0.1 mm calcium chloride, 0.002 my 
ferrous sulfate, and 0.022 m glucose. The bacteria grew more slowly in 
this composition than in the casamino acids medium. 8-Azaguanine 
produced growth inhibition and was incorporated by B. cereus in the syn- 
thetic medium. The growth inhibition, however, required a much longer 
time of onset and was measurable only 1 hour after the addition of the 
analogue. By contrast, in the casamino acids medium, growth inhibition 
usually was observable within 10 minutes. The increase in generation 
time in the glucose-salts medium was approximately 30 per cent, or only 
a small fraction of that achieved in the casamino acids medium in which an 
increase of 300 per cent was customary. The total amount of 8-azagua- 
nine incorporated into the TCA precipitate of bacteria grown in the glucose- 
salts medium was considerably less than that taken up by the microorgan- 
isms in the casamino acids medium for the same extent of growth. The 
addition of 30 mg. of L-aspartic acid per 100 ml. of glucose-salts medium 
increased the normal growth rate of the bacteria and also increased the 
incorporation of exogenous 8-azaguanine for the same extent of growth. 

Need for Actively Growing Cells for Incorporation—Actively growing cells 
were required for substantial incorporation of 8-azaguanine. Cultures 
that had ceased growing because of exhaustion of the medium or because 
of complete inhibition by 2-pyridinethiol-l-oxide and bacteria killed by 
heat did not incorporate 8-azaguanine. Resting cells of B. cereus, prepared 
by resuspending an exponentially growing culture in a nitrogen-free glu- 
cose-salts medium, also did not take up 8-azaguanine. Bacteria growing 
under conditions of inadequate aeration, as may occur when a micro- 
biological suspension is grown in Roux bottles, showed that a considerably 
decreased rate of incorporation accompanied the retarded growth rate. 

Response to 8-Azaguanine at Differing Temperatures—Incorporation 
measurements were made on aerated cultures of B. cereus growing in water 
baths at 4°, 20°, 30°, and 37°. With decreasing temperatures, the growth 
rate, as well as the incorporation rate, was diminished. For the same ex- 
tents of growth, approximately the same amount of the analogue was in- 
corporated by all cultures. 

Relationship between Growth Inhibition and Incorporation—The inhibi- 
tion of growth produced by 8-azaguanine and the incorporation of the 


a 


= 


a 
i 


H. G. MANDEL 141 
analogue into the various cell fractions of B. cereus as a function of time 


are shown in Fig. 1. The addition of the analogue to the microorganisms 
growing at the characteristic logarithmic rate retarded the growth rate so 
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Fic. 1. Responses to 8-azaguanine by a culture of B. cereus. Upper portion, up- 
take of radioactivity, in counts per minute, from 8-azaguanine-C" per ml. of suspen- 
sion of proliferating bacteria. Distribution into total cell (O), trichloroacetic acid 
precipitate (@), and DNA fractions (X) are indicated. Lower portion, growth rate, 
measured spectrophotometrically, before and after addition of 20 mg. of 8-azagua- 
nine-C'4 per liter of bacterial suspension to Culture A at 86 minutes. The projected 
line represents the normal growth rate. 
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that it became nearly linear (lower portion, Fig. 1). The uptake of radio. 


activity into the bacterial cell (upper portion, Fig. 1) began immediately — 


after the introduction of 8-azaguanine-C'™ and proceeded at a constant 
rate also. The difference between the radioactivities in the whole cells 
(“total”) and the TCA precipitates is due to the acid-soluble fraction, 
which increased in activity with time. Distribution studies (8) in which 
a modified Schmidt and Thannhauser (11) procedure was used have shown 
no activity in the deoxyribose nucleic acid (DNA) fraction for the first 30 
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Fic. 2. Uptake of radioactivity per ml. of suspension of cultures of B. cereus 
plotted against growth. Curve A (@), culture supplemented with 8-azaguanine- 
C™; Curve B (X), culture supplemented with guanine-C of equimolar radioactivity. 


minutes after the addition of the analogue. All the remaining activity of 
the TCA precipitate was in the RNA fraction. 

When the proliferation of the inhibited culture (A O. D.) is plotted 
against uptake of radioactivity from 8-azaguanine-C"™ (Fig. 2, Curve A), 
a straight line was again obtained, indicating that the incorporation of 
8-azaguanine was directly related to the growth in the presence of the 
analogue. 

Magnitude of Incorporation—Based on radioactivity measurements, up 
to 3 y of 8-azaguanine were taken up per ml. of cell suspension, containing 
12 X 107 cells and having a dry weight of 0.25 mg. per ml. The initial 
concentration of 8-azaguanine was 20 y per ml. of cell suspension. 
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The relationship of the incorporation of 8-azaguanine-C™ and guanine- 
C4 of identical molar activities as a function of growth is shown in Fig. 2. 
The 8-azaguanine-inhibited culture incorporated approximately 60 per 
cent as much of the analogue as the exogenous guanine taken up by con- 
trol culture for the same extent of proliferation. 

Reversal of Responses to 8-Azaguanine—The decrease in the growth 
rate by 8-azaguanine as well as the incorporation of the analogue into the 
bacterial cells could be reversed by the addition of various compounds to 
the 8-azaguanine-containing medium or by the replacement of the me- 
dium containing 8-azaguanine with normal medium. The delay between 


TABLE I 
Effects of Compounds on Incorporation of 8-Azaguanine 
and Growth Inhibition 
Compounds were added simultaneously with the analogue to 40 ml. of B. cereus 
suspension. 


Prevention of incorporation and reversal of growth No prevention of incorporation and no reversal 
inhibition of growth inhibition 
Compound Amount Compound Amount 
mg. meg. 
Adenine 10 Amethopterin 1.0 
Adenylie acid (2’ + 37’) 10 Aminopterin 0.5 
Guanine 2 Glucose 100 
Guanosine 5 Glycine 10 
Guanylie acid (2’ + 3’) 10 p-Ribose 11.5 
Hypoxanthine 9 Sodium acetate 5 
formate 5 
Sulfadiazine 5 
Triethylene melamine 1.0 
Uracil 2.5 


the addition of the reversing compound and 8-azaguanine affected the 
scope of the reversal process. 

Simultaneous Addition of Reversing Agent and 8-Azaguanine—Various 
compounds were tested for their effect on the response of the microorganism 
to 8-azaguanine when added together with the analogue. Only the addi- 
tion of certain purines, purine compounds, or precursors together with the 
analogue prevented the inhibition by the analogue and concomitantly pre- 
vented its incorporation. None of the compounds tested produced an 
effect on the incorporation of 8-azaguanine without influencing the growth 
rate or vice versa. The compounds studied are listed in Table I. 

The addition of an aqueous solution containing 10 mg. of guanine hydro- 
chloride to 40 ml. of the buffered bacterial medium resulted in the precipi- 
tation not only of the excess guanine but also of an unusually large amount 
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of the labeled 8-azaguanine. This phenomenon, apparently differing from 
simple coprecipitation and unrelated to the presence of the microorganism, 
is being studied to determine the degree of similarity of the two compounds 
in erystal formation. At lower concentrations of guanine, the reversal] 
effects characteristic of purines were observed. 
4-Amino-5-imidazolecarboxamide (AIC) produced a slight decrease in the 
incorporation of 8-azaguanine and increased the growth rate of B. cereus 
from the inhibited rate. Such a partial reversal of 8-azaguanine was ex- 
pected if AIC served as a purine source in the microorganisms. The incor- 
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Fic. 3. Content of 8-azaguanine-C" in nucleic acid fraction of B. cereus per ml. 
of bacterial suspension. Guanosine added to Cultures A and B at 78 minutes (0) 
and at 1 minute (X), respectively, after treatment with S-azaguanine-C™. The 
straight line (@) represents control incorporation rate of S-azaguanine without ad- 
dition of reversing agent. 


poration of AIC into nucleic acid purines in the rat (12) and the mouse (7) 
has been reported. In the present investigations the uptake of radioactiv- 
ity per ml. of bacterial suspension of B. cereus which had been supplemented 
with AIC-4-C™ was measured by both the filter and centrifugation tech- 
niques. There was an immediate uptake of AIC, but after several minutes 
there was no additional increase in radioactivity of the bacteria, suggesting 
a rapid degradation of AIC. Thus, the partial reversing effect of AIC is 
probably due to its brief action as a purine precursor. 

Addition of Reversing Agent after 8-Azaguanine Inhibition—The addition 
of a reversing agent such as guanosine to a bacterial culture inhibited by 
8-azaguanine-C" increased the slow growth rate toward normal, while the 
total amount of 8-azaguanine incorporated per ml. of bacterial suspension 
decreased. The effect of this addition on the content of 8-azaguanine-C™ 
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in the TCA-precipitable fraction per ml. of suspension is indicated in Fig. 


3. 
Other purines or purine compounds produced comparable effects. After 
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Fic. 4. Effect of guanosine on 8-azaguanine content of acid-soluble fraction and 
on growth rate of culture of B. cereus inhibited with 8-azaguanine-C" at 125 minutes. 
Upper portion, 8-azaguanine-C"™ content of total cells (O) and TCA precipitates of 
cells (@) per 3 ml. of bacterial suspension before and after the addition of guanosine 
at 328 minutes. The difference between the two lines is due to acid-soluble frac- 
tion. Lower portion, growth rate of cultures during inhibition and after reversal 
of inhibition (A). The projected line represents the inhibited growth rate. 


the addition of AIC, the 8-azaguanine content of the bacteria dropped for 
a short period of time while growth inhibition was decreased. The typical 
responses of 8-azaguanine then resumed after the apparent degradation of 
AIC. 

Most of the radioactive material lost from the bacteria into the medium 
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by the addition of a reversing agent originated from the RNA fraction, 
approximately 25 per cent of the C™ of this fraction being ejected. No 
activity loss could be detected from the DNA fraction, although these ob.- 
servations were subject to considerable error, owing to the low incorpora- 
tion into this fraction. The acid-soluble fraction suffered relatively the 
largest loss of radioactivity and was practically completely devoid of (¥ 
after the addition of the reversal agent. The loss of isotope from this frac. 
tion followed closely the recovery of the growth rate, as shown in Fig, 4. 
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Fic. 5. Uptake of guanine-C™ by cultures of B. cereus as a function of growth. 
One culture (O) had been inhibited with 8-azaguanine and the addition of the purine 
reversed the inhibition. The other (<) was a normal culture. 


Effect of Removal of 8-Azaguanine from Medium—Replacement of the 
medium of a bacterial culture, which had been inhibited with 8-azagua- 
nine-C"* for several hours, by fresh medium resulted in a gradual restoration 
of normal growth. Simultaneously, the total amount of 8-azaguanine-C" 
present in the bacteria decreased. This loss in activity was similar to, but 
occurred somewhat slower than, the ejection of 8-azaguanine produced by 
the addition of a reversing agent to the 8-azaguanine-inhibited bacteria. 

Lack of Exchange between 8-Azaguanine Ejected from Cell and Exogenous 
Guanine—A study was carried out to determine whether the ejection of 
8-azaguanine or its derivatives, produced by the addition of a purine, was 
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followed by the incorporation of this purine as a replacement for the 8- 
azaguanine lost from the bacterial cells. If such an exchange were to take 
place, the introduction of guanine-C' to a culture inhibited for several 
hours with unlabeled 8-azaguanine should result in the incorporation of a 
larger amount of the labeled purine than that taken up by a normal culture 
for the same extent of growth. For this experiment labeled guanine was 
added to an inhibited and an uninhibited culture at identical bacterial con- 
centrations, and radioactivity uptake and growth were measured at short 
time intervals by the filter technique. The results, shown in Fig. 5, indi- 
eated that all points fell on one line. Although the sensitivity of such a 
procedure was limited by the extensive uptake of the purine during the nor- 
mal growth of the microorganisms, it is apparent that no exchange of the 
8-azaguanine ejected from the cells by exogenous purine could be demon- 
strated. 


DISCUSSION 


The present results, which indicate the reversal of responses to 8-azagua- 
nine by AIC, are in contrast to the effects of the combined administration 
of these two compounds to the mouse, in which a potentiation of the toxic 
(13) and carcinostatic (14) properties of 8-azaguanine has been observed. 
This potentiation effect of AIC is apparently due to the inhibition of the 
deamination of 8-azaguanine to the relatively inactive 8-azaxanthine, the 
major product of the rapid metabolic transformation in most mammals, as 
the mouse and the monkey (5). In the case of B. cereus, however, 8- 
azaguanine was not readily catabolized, since a large portion of the 8- 
azaguanine added to the bacteria was recoverable at the end of the experi- 
ments. In the microorganisms, therefore, a potentiation effect of AIC 
would not be of significance. 

In the present experiments, inhibition of cellular proliferation of B. cereus 
always accompanied incorporation of 8-azaguanine into the nucleic acids. 
There is considerable evidence to suggest, however, that the inhibition of 
growth was not quantitatively related to the amount of the purine analogue 
incorporated. 

Within a few minutes after the addition of 8-azaguanine to the prolifera- 
ting cells, the characteristic growth rate was changed to a new rate, which 
then remained constant after this initial change. The deceleration of the 
growth rate occurred at a time when no 8-azaguanine could be detected in 
the DNA fraction and only a relatively small amount had been incorpo- 
rated into the RNA, as shown in Fig. 1. During the subsequent period, 
when no further change in the growth rate took place, there was a steady 
accumulation of 8-azaguanine into the RNA. Thus the rate of growth was 
not reflected in the ¢otal content of 8-azaguanine in the RNA fraction. It 
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appears, therefore, that some 8-azaguanine may have been incorporated 
immediately into a particular portion of the nucleic acids, giving rise tog 
reduced rate of proliferation. Another possibility would be an antagonism 
by the analogue of the synthesis or utilization of a cofactor required for 
normal growth. Since many of these known cofactors are comprised of a 
purine moiety, perhaps the 8-azaguanine replaced this purine prior to ip- 
corporation into the polynucleotides. 

The function of a purine in reversing the inhibitory effect of 8-azagua- 
nine probably involves the synthesis of the factors antagonized by 8-aza- 
guanine or made non-functional by the incorporation of the analogue. 
The loss of 8-azaguanine-containing material from the RNA of microor- 
ganisms during this process of reversal may be prerequisite for the reestab- 
lishment of normal growth. This ejection, also reported by Matthews and 
Smith (3), has been studied in more detail in the present experiments. 
The complete loss of radioactivity derived from 8-azaguanine-C™ from the 
acid-soluble fraction could account for the removal and replacement of 8- 
azaguanine-containing cofactors which had interfered with normal pro- 
liferation. ‘The substitution of normal medium for that containing 8-aza- 
guanine also resulted in reversal, probably by a comparable mechanism. 
In the latter case, however, the normal metabolites needed to be synthe- 
sized from endogenous sources, a process slower than the utilization of pre- 
formed purine. 

It is interesting that a large amount of 8-azaguanine was still present 
in the RNA fraction at a time when reversal of 8-azaguanine inhibition was 
apparently complete. Thus, the growth of the microorganism did not seem 
to be affected appreciably by the presence of relatively large amounts of 
purine analogue in the RNA fraction, in contrast to the tobacco mosaic 
(15) and turnip yellow (16) viruses, which show reduced infectivity after 
replacement of some RNA guanine by 8-azaguanine. 

Other nucleic acid analogues also show a lack of direct relationship be- 
tween an effect on nucleic acid biosynthesis and growth. Although 6- 
mercaptopurine, at a concentration of 10 mg. per liter of medium, retards 
the growth rate of F. coli and produces bacterial cells with an abnormally 
low content of nucleic acids, the growth inhibition apparently is not the 
result of the nucleic acid deficiency. At low doses of the analogue (0.5 
mg. per liter), growth inhibition was still demonstrated, but no observ- 
able effect on nucleic acid biosynthesis could be noted (17). Upon re- 
versal with adenine, the effect of 6-mercaptopurine on the growth rate 
was abolished and the cells formed after the reversal once more were nor- 
mal in nucleic acid content, as demonstrated by the uptake of uracil-C" 
(17). No evidence was found, however, that the deficiency in nucleic acids 
of those cells formed during 6-mercaptopurine inhibition was corrected by 
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the synthesis of additional polynucleotide after the resumption of the nor- 
mal growth rate. 

Experiments with the thymine analogue, 5-bromouracil, have revealed 
that this compound may be incorporated into deoxyribose nucleic acid of 
k. coli (18). In the case of strain II of these organisms, the analogue was 
extensively incorporated into the nucleic acids without concurrent inhibi- 
tion of growth of the microorganism. 

It must be concluded, then, that not all the nucleic acid present in the 
cells is required for proliferation. 


SUMMARY 


The incorporation of the radioactive purine analogue, 8-azaguanine-C", 
into a microorganism, Bacillus cereus, has been studied. The analogue was 
incorporated only when added to actively dividing cells and produced 
significant inhibition of growth. More incorporation of 8-azaguanine took 
place in a medium of casein hydrolysate-salts than one of glucose-salts. 
The uptake of 8-azaguanine was proportional to the growth of the micro- 
organisms in the presence of the analogue. The 8-azaguanine-inhibited 
culture incorporated approximately 60 per cent as much of the analogue 
into nucleic acids as that amount of exogenous guanine taken up by a con- 
trol for the same extent of growth. The addition of a purine compound 
simultaneously with 8-azaguanine prevented the incorporation and inhibi- 
tory properties of the latter in the microorganisms. The introduction of a 
purine compound into a culture already inhibited with 8-azaguanine-C* re- 
sulted in recovery, associated with the ejection of some of the 8-azaguanine 
from the ribose nucleic acid fraction of the cells and all the radioactivity 
from the acid-soluble fraction. No replacement of the 8-azaguanine ejected 
from the cells by the supplemented guanine could be demonstrated. Re- 
placement of 8-azaguanine-containing medium with fresh medium led to 
similar recovery of the inhibited culture. <A direct relationship between 
extent of 8-azaguanine incorporation into nucleic acids and growth inhibi- 
tion Was not found, suggesting that not all of the bacterial nucleic acid 
was needed for growth. 
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FRACTIONATION STUDIES OF BACILLUS CEREUS 
CONTAINING 8-AZAGUANINE* 


By H. GEORGE MANDEL, GERALD I. SUGARMAN, 
AND RONALD A. APTER 


(From the Department of Pharmacology, School of Medicine, 
George Washington University, Washington, D. C.) 


(Received for publication, August 1, 1956) 


The nucleic acid fractions isolated from tissues of mice previously in- 
jected with 8-azaguanine have been shown to contain this purine analogue 
in conjugated form (1). The isolation of the 2’ and 3’ isomeric 8-aza- 
guanylic acids from tobacco mosaic virus (2) clearly demonstrated that 
the analogue could be incorporated into nucleic acids. 

Guanylie acid is known to be a far better purine source for nucleic acids 
than guanine in the mammal (3). Since the same enzyme apparently 
deaminates both guanine and 8-azaguanine in vitro (4) and in vivo (5), it 
was considered likely that exogenous 8-azaguanylic acid similarly might 
undergo less catabolism and might be incorporated into the polynucleotides 
to a larger extent than 8-azaguanine. Since the possibility existed that 
the presence of 8-azaguanylic acid in tumor nucleic acids was responsible 
for the carcinostatic action of the drug (6), the preparation of the nucleo- 
tide for biological testing was desirable. 

For the present study a strain of Bacillus cereus was used which incor- 
porated large amounts of the analogue (7). The distribution of radio- 
activity after the administration of 8-azaguanine-C"™ to the bacteria was 
examined. A method for the large scale isolation and purification of 8-aza- 
guanylic acid from bacterial nucleic acids and some preliminary carcino- 
static tests are described. A report of these investigations has been pre- 
sented (8). 


Materials and Methods 


Strain 569H of B. cereus, the microorganism used in the investigations, 
was kindly supplied by Dr. Matthews.! The bacterial medium! consisted 
of 1 per cent casein hydrolysate (Difco casamino acids), 0.02 m sodium 
potassium phosphate of pH 7.2, 0.0016 m magnesium sulfate, and 0.002 


* This research was aided by grants from the American Cancer Society, institu- 
tional grant No. 24H, research grant No. C-308 from the National Cancer Institute 
of the National Institutes of Health, Public Health Service, and a contract with the 
United States Atomic Energy Commission (AT (30-1)-1107). 

‘Courtesy of Dr. R. FE. F. Matthews, Virus Research Unit, Molteno Institute, 
Cambridge, England. 
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mM ferrous sulfate. 8-Azaguanine-4-C™ (9) was dissolved in 0.5 per cent 
sodium carbonate solution and was added to exponentially growing bae- 
teria. The microbiological aspects of these investigations have been re. 
ported in the preceding paper (10). 

Fractionation Procedure—Fractionation of bacteria grown in the presence 
of labeled 8-azaguanine was carried out according to Schneider (11) as 
modified by Roberts et al. (12). Bacterial suspensions were centrifuged in 
a Servall centrifuge at 20,000  g to remove the supernatant medium, 
followed by washing with saline. The bacterial cells were then taken up 
in 5 per cent trichloroacetic acid (TCA) at room temperature and quickly 
centrifuged. The supernatant fluid, containing the acid-soluble fraction, 
was extracted eight times with ether to remove TCA. The residual bac. 
teria were extracted with alcohol at pH 7 at 50° for 30 minutes to yield the 
alcohol-soluble fraction. The residue consisting largely of nucleic acids 
and proteins was incubated at 37° for 24 hours with concentrated am- 
monium hydroxide. After centrifugation, the supernatant nucleic acid 
products were separated from the protein residue. Ammonia was removed 
by aeration at 40°. The addition of an equal volume of 10 per cent TCA 
separated the insoluble deoxyribose nucleic acid (DNA) polynucleotides, 
from the soluble ribose nucleic acid (RNA) mononucleotides. The DNA 
residue was washed with 1 per cent TCA. 

Radioactivity Measurements—Material to be radioassayed was plated on 
aluminum sample cups coated with a layer of lens paper. Counting was 
carried out in a proportional flow counter, natural gas being used rather 
than purified methane for counting. 


RESULTS AND DISCUSSION 


Distribution of C'* in Bacterial Cell after 8-Azaguanine-C'*—Radioassay 
of the cellular fractions from bacteria grown in the presence of 8-azagua- 
nine-C revealed that almost all of the radioactivity was associated with 
the RNA fraction. Hydrolysis of the latter to the mononucleotides and 
resolution as described below showed that all the radioisotope of the frac- 
tion was present in the 8-azaguanylic acid isolated. 

A small amount of radioactivity was also present in the acid-soluble 
fraction. The total amount of activity in this extract increased with the 
period of inhibition of the bacteria and with the number of cells formed 
during this inhibition. Up to 10 per cent of the total bacterial radioac- 
tivity was present in this fraction. Chromatography of this fraction re- 
vealed several as yet unidentified derivatives of 8-azaguanine, in addition 
to 8-azaguanosine isolated by Matthews and Smith (7). 

A small amount of radioactivity was also observed in the DNA fraction. 
This fraction may still contain traces of RNA. Up to 5 per cent of the 
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total bacterial radioactivity was usually present in this fraction after longer 
inhibition, although no isotope could be detected in this fraction within 30 
minutes after the addition of the analogue to the growing microorganisms. 
The identification of deoxy-8-azaguanosine from B. cereus has been re- 
ported (7). 

No activity could be detected in the lipide or protein fractions of cells 
exposed to 8-azaguanine-C"*. 

Preparation of 8-Azaguanylic Acid—F lasks containing bacterial medium 
and an inoculum of B. cereus were incubated with aeration, and 8-aza- 
guanine was added at a concentration of 30 mg. per liter. After 4 hours 
of additional incubation, the bacterial suspensions were centrifuged with a 
Sharples centrifuge and were washed with saline. The bacterial residue 
was treated with 100 ml. of alcohol and was packed in small glass bottles 
containing glass beads. The bottles were vibrated at —10° for 48 hours 
to destroy the cell walls and were separated from the glass beads, washed 
with alcohol, and dried. The dry cells were extracted with 10 per cent 
NaCl solution at 95° for 2 hour periods, followed by precipitation of the 
mixed sodium nucleates with alcohol (13). The nucleates then were treated 
in N NaOH for 24 hours, followed by precipitation of the DNA with HCl 
and TCA. The soluble RNA mononucleotides were precipitated as the 
barium salts and were dried in alcohol and ether. 

The barium nucleotides were taken up in a small amount of formic acid 
and placed on a Dowex 1 (formate) column. Elution, according to Cohn 
(14), was begun with 0.1 N formic acid to remove cytidylic and adenylic 
acids, then uridylic acid, and Nn formic acid to remove guanylic acid. 
8-Azaguanylic acid could then be eluted with 5 Nn formic acid. The elu- 
tion pattern is shown in Fig. 1. 

The formic acid solution containing the desired nucleotide was evap- 
orated to dryness in vacuo and was taken up in dilute ammonia solution. 
The addition of a saturated solution of Ba(OH),: precipitated barium 8-aza- 
guanylate. Under optimal conditions of incorporation (10), approximately 
3 mg. of 8-azaguanine were incorporated per liter of bacterial medium. 

For the identification of 8-azaguanylic acid, the barium salt was taken 
up in water and HCl was added to pH 5. The solution was placed on a 
column of Dowex 50 ion exchange resin, from which it was eluted immedi- 
ately as a single component with water. After paper chromatography in a 
system of isopropanol-ammonia (15), a fluorescent spot with Rp of 0.05 
was observed. Similar preparations of the nucleotide from labeled 8-aza- 
guanine were radioactive. The nucleotide had identical characteristics 
with the 2’ and 3’ isomers isolated by Matthews (2). No other compound 
was found to contaminate the 8-azaguanylic acids as determined by ul- 
traviolet absorption. Acid hydrolysis produced 8-azaguanine, identified 
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chromatographically and spectrophotometrically. Prostatic phosphomop. 
oesterase converted the nucleotide to the nucleoside, identified chromato. 
graphically. 


O.1N HCOOH 
1441 
Cytidylic 
Adenylic 
8 
N 
8- 
> Guanylic 
2 6- HCOOH 
8- Azaguanylic 
Uridylic 
O 500 ISOO 2000 2500 


Effluent Volume in mi. 


Fic. 1. Elution pattern of 2’- and 3’-nucleotides from 8-azaguanine containing 
ribose nucleic acids isolated from B. cereus, a Dowex 1 (formate) ion exchange column 
being used. 


TABLE 
Results of Treatment of CDBA Mice Bearing Leucemia L-1210 
The animals were injected with doses, as below, daily for 6 days. 


Survival time in days 
Treatment No. of animals 
Average Range 
8-Azaguanine, 15 mg. per kilo.......... 10 8.5 8.4-9.0 44 
8-Azaguanylic acid, 40 mg. per kilo..... 4 8.2 7.5-8.4 39 


Preliminary Carcinostatic Testing—Barium 8-azaguanylate was treated 
by Dowex 50 ion exchange to remove barium, and the nucleotide, after 
evaporation to small volume, was injected into CDBA mice bearing ascitic 
leucemia? L-1210 sensitive to 8-azaguanine. The limited amount of nu- 
cleotide available precluded any extensive testing. An equimolar amount 
of the free base was administered to a second group of animals. Untreated 


? Kindly supplied by Dr. L. W. Law and Mr. Peter Boyle, National Cancer Insti- 
tute. 
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leucemic animals served as controls. The results of the experiment, in 
Table I, did not demonstrate any significant difference in carcinostatic 
potency between the mixed 2’- and 3’-nucleotides and the free base. 

Careful examination of the carcinostatic properties of all isomeric nu- 
cleotides of 8-azaguanine is still indicated, since the possibility remains 
that at different dose levels some therapeutically valuable effects may be 
uncovered. The riboside and deoxyriboside of 8-azaguanine, however, 
have shown no increase in biological activity over the free base, as reported 
by Friedkin (16). 

Recent experiments by Roll eé al. (17), in which nucleotides labeled 
with C4, P®?, and N!® were administered to the rat, have shown that ex- 
tensive dephosphorylation occurred during the process of incorporation, 
and that there was no evidence for the incorporation of intact nucleotides. 
Furthermore guanine and ribose from guanylic acid were not incorporated 
to equivalent extents into the guanylic acid fraction isolated. Thus, the 
extent of incorporation after the administration of the nucleotides to the 
mammal depended on the relative utilization of the purine moiety derived 
from the administered nucleotide as compared to the exogenous purine 
and was quite unpredictable. 


SUMMARY 


Radioactivity in a culture of Bacillus cereus grown in the presence of 
8-azaguanine-C' was present almost exclusively in the ribose nucleic acid 
fraction as 8-azaguanylic acid in the polynucleotides. A small amount of 
the compound was present in the deoxyribose nucleic acid fraction, and 
metabolites were found in the acid-soluble fraction. A procedure for the 
isolation of 8-azaguanylic acids from the microorganism has been elabo- 
rated. 
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BIOSYNTHESIS OF THE PURINES 


XIV. CONVERSION OF (a-N-FORMYL)GLYCINAMIDE RIBOTIDE TO 
(a-N-FORMYL)GLYCINAMIDINE RIBOTIDE; PURIFICATION 
AND REQUIREMENTS OF THE ENZYME SYSTEM 


By IRVING MELNICK* ann JOHN M. BUCHANAN 


(From the Division of Biochemistry, Department of Biology, Massachusetts 
Institute of Technology, Cambridge, Massachusetts) 


(Received for publication, August 27, 1956) 


Earlier papers from this laboratory (1, 2) have described the accumu- 
lation, isolation, and identification of (a-N-formyl)glycinamide ribotide 
(FGAR) and (a-N-formyl)glycinamidine ribotide (FGAM), two inter- 
mediates of inosinic acid biosynthesis. The enzymatic conversion of 
FGAR to FGAM was of interest for several reasons. This reaction in- 
volves the utilization of the amide group of glutamine, a type of reaction 
that has not been studied in detail. In addition, this step is the site of 
azaserine and 6-diazo-5-oxo-L-norleucine inhibition in purine synthesis de 
novo. To facilitate a study of these points it was necessary to purify 
the enzyme and to clarify the conditions of the reaction. 


Methods and Materials 


FGAR was prepared enzymatically as described in a previous communi- 
cation (1). The adenosine triphosphate (ATP) used was the crystalline 
disodium salt obtained from the Pabst Laboratories. 

As has been previously described (2), 13 to 33 per cent ethanol fraction 
of pigeon liver extract has been further fractionated with ammonium sul- 
fate. The protein which precipitates between 0 to 35 per cent saturation of 
salt (Fraction I) catalyzes the conversion of FGAR to FGAM. The 
fraction precipitating between 45 to 60 per cent saturation of salt (Fraction 
II) contains the enzyme responsible for the conversion of FGAM to 5-ami- 
noimidazole ribotide (AIR). 

The assay for FGAM involves the conversion of this aliphatic inter- 
mediate with the enzyme in Fraction II to the easily determined aromatic 
intermediate, 5-aminoimidazole ribotide. In order to overcome a rela- 
tively unfavorable equilibrium involved in the conversion of FGAR to 
FGAM, and for purposes of convenience, Fraction II was added along with 
the enzyme in Fraction I in most but not all incubations. Fraction II 
was completely devoid of the enzymatic activity of Fraction I. <A typical 
incubation mixture included 2 uwmoles of ATP, 2 umoles of glutamine, 0.10 


* Karl Taylor Compton Fellow of the Nutrition Foundation in Biochemistry. 
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umole of FGAR, 20 umoles of K:SO,, 7 umoles of MgCle, 10 umoles of 
sodium phosphate buffer, pH 7.4, an excess of Fraction II, and the ep. 
zyme (FGAR — FGAM), all in a total volume of 0.65 ml. After a 10 
minute incubation at 38°, the vessels were placed in an ice bath, and the 
reaction stopped with 0.1 ml. of 30 per cent trichloroacetic acid. The 
protein was separated by centrifugation, and the supernatant solution 
assayed for aromatic amines by the method of Bratton and Marshall (3), 
The color was developed in the presence of the protein pellet, at a final 
volume of 0.90 ml. The resulting color was read at 500 my in a Beckman 
DU spectrophometer equipped with a micro attachment. The molecular 
extinction coefficient of AIR under these conditions is approximately 
24,600. 

For purposes of enzyme purification, 1 enzyme unit of activity was de- 
fined as that quantity of enzyme necessary to give an optical density 
change at 500 my of 0.10 after a 10 minute incubation at 38° under the 
conditions of assay just described. 

Protein concentration was determined by measurement of the extinction 
coefficient at 280 my in a Beckman DU spectrophotometer. 1 mg. of 
protein in a cell with 1 cm. light path was assumed to have an extinction 
coefficient of 1.6 (4). 

Adenosine monophosphate, diphosphate, and triphosphate were quan- 
titatively separated on ion exchange columns with a technique similar to 
that described by Cohn and Carter (5). Protein was precipitated from 
the incubation media by addition of perchloric acid. The protein was 
removed by centrifugation and the supernatant solution neutralized with 
KOH. The resulting precipitate was discarded and the supernatant solu- 
tion added toa Dowex 1 (chloride) column (0.8 & 5 cm.). The column was 
then washed with water. Adenosine-5’-monophosphate (AMP-5’) was 
then eluted with 40 ml. of 0.005 n HCl. Adenosine diphosphate (ADP) 
was next eluted with 60 ml. of a solution 0.10 N with respect to HCl and 
0.02 N with respect to NaCl. Finally adenosine triphosphate (ATP) was 
eluted with 80 ml. of a solution 0.01 nN with respect to HCl and 0.02 x 
with respect to NaCl. The elution of adenine compounds was followed by 
measurement of the optical density at 259 my, as were quantitative esti- 
mations of the compounds. The molecular extinction coefficients of AMP, 
ADP, and ATP were taken as 15,100, 14,900, and 14,700, respectively. 


Results 


Enzyme Purification—The enzyme system necessary for the conversion 
of FGAR to FGAM was purified from pigeon liver. Fresh pigeon livers 
were minced, and then homogenized with 1.5 volumes of buffer (35 parts 
0.1 m sodium phosphate, pH 7.4, 10 parts 1.4 m KCl, 10 parts 0.1 m MgCh, 
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45 parts H2O). After homogenization, the material was centrifuged in the 
preparative model L Spinco ultracentrifuge at 30,000 r.p.m. for 1 hour. 
The supernatant solution from this centrifugation was non-particulate, con- 
tained all the enzymatic activity, was easily assayed, and therefore was 
considered as the starting point in the calculation of purification. 

In the first step of the fractionation procedure shown in Table I, alcohol 
was added to the supernatant solution of the extract dropwise at —17° 
yntil a concentration of 13 per cent was reached. The resulting precipi- 
tate was separated by centrifugation at a low temperature, and the addi- 
tion of alcohol to the supernatant solution continued until a final concen- 
tration of 35 per cent was obtained. The “13 to 35” per cent ethanol 
precipitate was sedimented by centrifugation at —15° in a refrigerated 


TABLE I 


Purification of Enzyme System Responsible for Conversion of Formylglycinamide 
Ribotide to Formylglycinamidine Ribotide 


Enzyme fraction Total units Yield 
== per cent extract 
Ist alcohol fractionation. ........... 6.7 90 , 200 3.0 95 
Ammonium sulfate fractionation. ... 22.0 81,000 9.9 85 
2nd alcohol fractionation .......... 62.0 54 , 200 28 .0 57 
Fractionation with alumina Cy...... 100.0 54 ,000 45.0 57 


Servall centrifuge at a setting of 90. The precipitate was taken up in a 
small amount of water and lyophilized to dryness. The enzyme was rou- 
tinely stored at this stage, and appeared to be completely stable for months. 
This step resulted in a 3-fold purification of the enzyme. 

The lyophilized 13 to 35 per cent alcohol fraction was taken up in 0.01 
a sodium phosphate buffer, pH 7.4, to a concentration of approximately 
15 mg. of protein per ml. and further fractionated with solid ammonium 
sulfate. The fraction precipitating between 25 and 45 per cent saturation 
ammonium sulfate was retained. The precipitates were collected by 
centrifugation in a Servall SS-1 centrifuge at 2° and at a dial setting of 90. 
The “45 to 60” fraction contains the enzyme activity for the conversion of 
FGAM to AIR and was stored in the solid state for later use in enzy- 
matic assays. The “25 to 45” fraction contained all the activity for the 
reaction, FGAR — FGAM. The fractionation with ammonium sulfate 
resulted in a 3-fold purification of this latter enzyme activity. This frac- 
tion was taken up in 0.01 m sodium phosphate buffer, pH 7.4, and was 
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stable for several weeks in this condition. It must, however, be dialyze 
against buffer for purposes of assay. 

To every 10 ml. of the ‘‘25 to 45” ammonium sulfate fraction contaip. 
ing approximately 15 mg. of protein per ml., 0.5 ml. of 1 M sodium gy. 
cinate, pH 4.2, was added. This acidified solution was left standing at 2 
for 15 minutes, after which time the precipitate was removed by centrify. 
gation in the Servall centrifuge at 2° and discarded. Ethanol was added 
to the supernatant solution at —17° to a concentration of 20 per cent, 
the resulting precipitate was collected by centrifugation at —15° in a rr. 
frigerated Servall centrifuge, and the supernatant solution discarded. The 
precipitate was then extracted with 6 ml. of 0.005 m sodium citrate buffer, 
pH 5.4, for every 10 ml. of the original ammonium sulfate fraction. An 
extraction with this volume gives an active solution of approximately 10 
mg. of protein per ml. 

The alcohol fractionation at pH 4.2 resulted in a 3-fold purification of the 
enzyme and a recovery of 65 to 70 per cent of the enzymatic units. Hoy. 
ever, the activity was not stable at pH 5.4 and the following step with 
alumina Cy gel was carried out immediately. At a gel to protein ratio of 
0.3 (mg. per mg.), a nearly 2-fold purification of the enzyme remaining in 
the supernatant solution, with no loss in activity, was obtained. Afterthe 
negative adsorption step, the pH was adjusted to 7.4 with 1 M sodium 
phosphate buffer, pH 7.4. At this pH and this concentration of protein, 
the enzyme has been stable both when frozen and in solution at 2°. 

Reactants and Products—The synthesis of FGAM was found to require 
FGAR, ATP, and glutamine as substrates with Mg++ and K+ needed as 
activators (Table II). From early work with N'® (6), which showed that 
the amide N of glutamine was utilized as the metabolic source of N; of 
the purine ring, the product of glutamine was assumed to be glutamic acid. 
This was shown to be the case by placing an aliquot of the incubation mix- 
ture on filter paper and by running a descending chromatogram. Witha 
butanol-acetic acid-water (4:1:5) system (7), two distinct spots were ob- 
tained with ninhydrin corresponding to markers of glutamic acid and 
glutamine. To obtain glutamic acid as a product, the system required 
enzyme, glutamine, ATP, and FGAR. 

Before determining the reaction product of ATP, control experiments 
were performed with ATP, Mgt*, and enzyme, and with ADP, Mg", 
and the protein removed by centrifugation. The protein-free supernatant 
solution was made alkaline with KOH, the resulting precipitate removed 
by centrifugation, and the supernatant solution placed on a Dowex | 
(chloride) column (0.8 X 5 cm.). The adenosine phosphate compounds 
were then eluted from the column. When ATP was incubated with en- 
zyme, ADP but no AMP was recovered. When ADP was the substrate, 
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no AMP or ATP was recovered from the column. These two control 
experiments indicated that the purified fraction contained an adenosine- 
triphosphatase but was free from myokinase. 

The complete system for FGAM synthesis from FGAR was incubated, 
along with a control which contained no FGAR (Table III). When the 
adenosine phosphates were eluted, it was found that no AMP was formed, 


TABLE II 


Requirements for Enzyme System Responsible for Conversion of Formylglycinamide 
Ribotide to Formylglycinamidine Ribotide 
The complete system consisted of 0.6 umole of FGAR, 10 umoles of tris (hydroxy- 
methyl)aminomethane buffer, pH 7.4, 2 umoles of ATP (disodium salt), 20 wmoles of 
K:80,, 7 umoles of MgCl2, 2.5 uwmoles of glutamine, and 0.02 ml. of the purified en- 
zyme of Fraction I. Final volume, 0.45 ml. The vessels were incubated at 38° for 
15 minutes. 


System FGAM formed 
mymoles 
TaBLeE III 
Appearance of Reaction Products 
Reaction products formed 
System 
AMP-S’ ADP FGAM 
pmole pmoles pmole 
except for FGAR...... 0 2.0 0 


and that 1 wmole of ADP over the control level was formed for every 
micromole of FGAM synthesized. Although the ADP blank was high, 
the absence of AMP, along with the absence of myokinase, eliminates the 
possibility of a direct fission of ATP to AMP and inorganic pyrophos- 


phate. 
SUMMARY 


A 45-fold purification of the enzyme system that converts formylglycin- 
amide ribotide to formylglycinamidine ribotide has been described. The 
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substrates were found to be adenosine triphosphate and glutamine, with 
Mg** and K* as necessary activators. The products have likewise bee, 
found to be glutamic acid, adenosine diphosphate, and inorganic phos. 
phate. 
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BIOSYNTHESIS OF THE PURINES 


XV. THE EFFECT OF AZA-L-SERINE* AND 6-DIAZO-5-OX0-L-NORLEUCINE 
ON INOSINIC ACID BIOSYNTHESIS DE NOVOT 


By BRUCE LEVENBERG,}{ IRVING MELNICK, § 
AND JOHN M. BUCHANAN 


(From the Division of Biochemistry, Department of Biology, Massachusetts 
Institute of Technology, Cambridge, Massachusetts) 


(Received for publication, August 27, 1956) 


The compound aza-L-serine (O-diazoacetyl-L-serine), which has been 
isolated from cultures of Streptomyces, has been shown to exhibit inhibitory 
action against Erro scelestus in eggs, Crocker mouse sarcoma 180, and 
various types of mouse leucemia. It has also been shown to be effective 
against various Gram-positive and Gram-negative bacteria and certain 
fungi in vitro (1-4). Skipper and his colleagues have demonstrated that 
aza-L-serine, When injected into tumor-bearing mice, causes a diminution 
of the incorporation of either radioactive formate or glycine into the purines 
of the nucleic acid of several tissues (5). This led to the finding in this 
laboratory that azaserine inhibits the synthesis of inosinic acid de novo by 
pigeon liver extract and results in the accumulation of formylglycinamide 
ribotide! by acting as an antimetabolite of glutamine (6, 7). 

This communication reports detailed information on the site and mech- 
anism of the inhibition by this compound, together with more recent data 
on the action of 6-diazo-5-oxo-L-norleucine on inosinic acid biosynthesis. 


Materials and Methods 


Aza-L-serine, 6-diazo-5-oxo-L-norleucine, and other glutamine analogues 
were generously provided by Dr. Alexander Moore of The Mellon Institute 
and Parke, Davis and Company. 

The barium salt of FGAR was prepared by enzymatic synthesis as pre- 


*The position of the prefix in the name aza-L-serine conforms with the rules of 
nomenclature of amino acids approved by the International Union of Pure and 
Applied Chemistry. 

t Supported by a grant-in-aid from the Damon Runyon Memorial Fund for Can- 
cer Research, Inc. 

t Research Fellow of the National Institute of Neurological Diseases and Blind- 
ness, United States Public Health Service (1954-55). 

§ Karl Taylor Compton Fellow of the Nutrition Foundation in Biochemistry. 

1'The following abbreviations are used: FGAR, formylglycinamide ribotide; 
FGAM, formylglycinamidine ribotide; AIR, 5-aminoimidazole ribotide; DON, 6- 
diazo-5-oxo-L-norleucine; IMP, inosinic acid; ATP, adenosine triphosphate; DPN, 
diphosphopyridine nucleotide; TPN, triphosphopyridine nucleotide; TCA, trichloro- 
acetic acid; Tris, tris(hydroxymethyl)aminomethane; ADP, adenosine diphosphate. 
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TABLE I 


Effect of Azaserine on Five Representative Reactions Concerned 
with Inosinic Acid Synthesis de Novo 


Reaction No. Vessel Azaserine Glutamine Product Inhibition 
umoles pmoles mumoles 
1 a 0 1 124 
b 1 1 103 17 
c 10 1 71 48 
2 a 0 2 17.2 
b 0.2 2 6.7 61 
c 2.0 2 0.9 95 
3 a 0 0 24.8 
b 0.2 0 23.8 4 
c 2.0 0 15.0 40 
4 a 0 0 56 
b 2 0 60 0 
5 a ) 0 63 
b 1 0 65 0 
c 2.5 0 69 0 


Reaction 1: Glutamine + 5-phosphoribosylpyrophosphate — glutamic acid + 
5-phosphoribosylamine + pyrophosphate. Measurement made of formation of glu- 
tamic acid spectrophotometrically by conversion to a-ketoglutarate by glutamic 
acid dehydrogenase in presence of DPN. The incubation medium contained, ex- 
pressed in micromoles, glutamine, 1; 5-phosphoribosylpyrophosphate, 1; MgCl, 1; 
tris(hydroxymethy]l)aminomethane buffer, pH 8.8, 15; and 0.05 ml. of enzyme; total 
volume, 0.3 ml. Incubation time, 30 minutes; 38°. This experiment was kindly 
performed by Mr. Standish C. Hartman. Reaction 2: Formylglycinamide ribo- 
tide + glutamine + ATP — formylglycinamidine ribotide + ADP + orthophos- 
phate + glutamic acid. FGAM synthesized from FGAR was measured by conversion 
to AIR. Incubation medium contained 0.06 umole of FGAR, 2 umoles of ATP, 2 
umoles of K:SO,, 7 umoles of MgCls, 10 umoles of sodium phosphate buffer, pH 7.4, 
and 0.06 ml. of purified enzyme; final volume, 0.35 ml. Incubation time, 30 minutes; 
38°. Reaction 3: Formylglycinamidine ribotide + ATP — 5-aminoimidazole ribotide. 
Measurement was made of conversion of FGAM to AIR by reaction of product with 
Bratton-Marshall reagents (11). Vessels contained, expressed in micromoles, barium 
salt of FGAM, 0.055; dipotassium salt of ATP, 1;0.1 ml. (2 mg.) of an enzyme fraction 
of pigeon liver. Salts and buffer were identical to those of Reaction 2; total volume, 
0.5 ml. Incubation time, 30 minutes; 38°. Reaction 4: 5-Aminoimidazole ribo- 
tide + aspartic acid + CO. + ATP — 5-amino-4-imidazolecarboxamide ribotide. 
Measurement made by Bratton-Marshall reaction (11) of the amount of 5-amino-4- 
imidazolecarboxamide ribotide formed. Materials, expressed in micromoles, were, 
in a final volume of 0.42 ml., barium salt of AIR, 0.062; potassium aspartate, 5; 
KHCO;, 1.3; disodium salt of ATP, 1; sodium phosphate buffer, pH 7.4, 10; K:S0,, 
11; MgSO,, 3.5; 3 mg. of lyophilized ‘‘13 to 33” per cent ethanol fraction of pigeon 
liver extract. Azaserine added as indicated. Incubation time, 30 minutes; 38°. 
Reaction §: 5-Amino-4-imidazolecarboxamide ribotide + serine + TPN — inosinic 
acid + glycine + TPNH + H*. Measurement made of disappearance of 5-amino- 
4-imidazolecarboxamide ribotide by Bratton-Marshall reaction (11). Vessels con- 
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TABLE I—Continued 


tained, expressed in micromoles, in a final volume of 0.50 ml., dipotassium salt of 
5-amino-4-imidazolecarboxamide ribotide, 0.1; L-serine, 10; TPN, 0.1; isoleucovorin 
chloride, 0.01; Tris buffer, pH 7.4, 30; and aliquots of three enzyme fractions, de- 
scribed later. Incubation time, 15 minutes; 38°; terminated by addition of 0.5 ml. 
of 10 per cent TCA. This experiment was kindly performed by Mr. Joel G. Flaks. 


viously described (8). The sample of FGAR employed in most of the fol- 
lowing studies possessed a purity of over 90 per cent. 

Enzymatic Synthesis and Assay of Formylglycinamidine Ribotide—The 
enzyme preparation used for the study of the effect of azaserine or DON on 
the conversion of FGAR to FGAM was either the partially purified Frac- 
tion I (9) or a more purified enzyme (10), both of which are described in 
preceding papers. ‘The total volume of the incubation solution was usually 
between 0.4 and 0.6 ml. Incubation was carried out for 10 minutes unless 
otherwise noted and was terminated by heating the vessels in a boiling 
water bath for 30 to 40 seconds. The tubes were then immediately chilled 
inanice bath. Fraction II, which contains the enzyme activity (FGAM —> 
AIR), was sometimes included in the incubation medium, and analysis 
was made directly for AIR. In some instances, however, the FGAM 
formed in the presence of Traction I was converted to AIR by Fraction II 
after denaturation of Fraction I by heat. The details of the method of 
analysis of FGAM and AIR are included in Paper XIV (10). 


Results 


Site of Action of Azaserine on Inosinic Acid Biosynthesis—Although it 
was known from experiments previously cited that azaserine inhibits spe- 
cifically some enzyme system concerned with the conversion of FGAR to 
IMP, it has been possible recently to make a survey of all the reactions 
concerned with the biosynthesis of inosinic acid individually, since adequate 
assay methods are now available with relatively purified enzymes. Spe- 
cial note was made in two of the reactions which require glutamine as a 
substrate to relate azaserine and glutamine concentration since preliminary 
experiments had indicated that azaserine exerts its inhibitory action as an 
antimetabolite of glutamine. The results of studies on five representative 
enzymes of this biosynthetic sequence are shown in Table I. It may be 
seen that in the case of only one reaction, the conversion of FGAR to 
FGAM (Reaction 2), may inhibition by obtained at a low concentration of 
azaserine (0.2 umole per 0.35 ml. of incubation volume). As will be shown 
later, the degree of azaserine inhibition at this level is directly related to the 
glutamine concentration. Thus, at a lower concentration of glutamine an 
equivalent effect may be obtained at a lower concentration of inhibitor. 

In the four remaining reactions, either inhibition could not be obtained 
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at higher concentrations of azaserine or the inhibition produced was sub- 
stantially less than that obtained on Reaction 2 at an equivalent concentra. 
tion of antibiotic. A comparison of the action of azaserine on the two re. 
actions involving glutamine is of particular note. Ata level of 10 umoles, 
azaserine had less effect on Reaction 1 than did 0.2 umole of inhibitor op 
Reaction 2. This corresponds with a recent report by Bentley and Abrams 
(12) that azaserine has a competitive action on glutamine in the enzymatic 
conversion of xanthylic to guanylic acid, but only at relatively high con. 
centrations of inhibitor. It is thus seen that, although azaserine may com. 
pete with glutamine in several reactions, its most pronounced effect enzy- 
matically and probably also physiologically is its action on the enzyme 
responsible for the conversion of FGAR to FGAM. 


TABLE II 
Effect of Increased Levels of Glutamine on Inhibition of Reaction (FGAR — FGAM) 
Caused by Azaserine 
The incubation system contained the following quantities of materials expressed 
in micromoles: FGAR, 1.2; ATP, 2; K:SO,, 20; MgCl2, 7; sodium phosphate buffer, 
pH 7.4, 10; 0.02 ml. of purified enzyme of Fraction I, and 0.05 ml. of Fraction II. 
The final volume was 0.65 ml. The vessels were incubated for 10 minutes at 38°. 


Azaserine present | Glutamine present FGAM formed 

pmole umoles mumoles 

2 56.5 
0.15 2 26.0 
0.15 4 38.0 
0.15 6 44.0 
0.15 S 46.5 
0.15 10 | 46.5 


Mechanism of Action of Azaserine—The competitive relationship of 
glutamine and azaserine is shown in Tables II and III. In the experiment 
in Table II, the concentration of azaserine was maintained constant but 
that of glutamine varied. Although in the uninhibited system 2 umoles 
of glutamine were more than adequate to permit an optimal response of 
reaction, concentrations 3 to 4 times greater than this were required in the 
presence of 0.15 umole of azaserine. Even at the highest concentration of 
glutamine, the rate of reaction in the presence of azaserine was substantially 
less than the optimal response obtained in the absence of inhibitor. This 
was one of the first indications that the mechanism of azaserine inhibition 
of this enzyme system was more complicated than at first suspected. 

One feature of a competitive inhibitor is that the degree of inhibition of 
a reaction should be a function of the ratio of inhibitor to substrate rather 
than of the concentration of inhibitor itself. In Table III is shown an ex- 
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riment in which the concentrations of both azaserine and glutamine were 
yaried 100-fold but their ratiomaintained constant. The relative constancy 
of the degree of inhibition obtained under these circumstances is further 
evidence in support of the belief that azaserine and glutamine are struc- 
turally and metabolically related to each other. 

A more quantitative appraisal of the action of azaserine on the enzyme 
system has been obtained by treatment of the data by the method of Line- 
weaver and Burk as modified by Waley (13) to account for substrate utili- 
zation. At optimal concentrations of the various auxiliary factors involved 
in the reaction (ATP, 3 umoles per ml., K+, 3 wmoles per ml., Mgt, 10 
ymoles per ml., glutamine, 3 wmoles per ml.), measurement was made of 


TABLE III 
Inhibition of Reaction As Function of Glutamine and Azaserine When Varied 
over Large Range of Concentration, but Maintained at Constant Ratio 
Each vessel contained, in a total volume of 0.50 ml., the following materials ex- 
pressed in micromoles: barium salt of FGAR, 0.06; ATP, 2; K:SO,, 20; MgCl, 7; 
sodium phosphate buffer, pH 7.4, 10; and 0.06 ml. of Fraction I. Glutamine and 
azaserine were added as indicated. 


Vessel No. Glutamine Azaserine FGAM synthesized Inhibition 
pmoles pumoles pmoles per cent 

1 0.15 20.0 

2 0.15 0.015 10.0 50 
3 1.5 | 24.0 

4 1.5 0.15 10.4 57 
5 6.0 0.60 8.7 6-4 
6 15.0 1.50 7.4 69 


the Michaelis constant (K,,) of the substrate, formylglycinamide ribotide. 
In Fig. 1 are plotted the functions 


1/(So — S,) versus In / (So — 


from the equation 


1/(So S,) = + V, (in / (So s)) 


where So and S, are, respectively, the concentrations of substrate initially 
and at time, t. V is the maximal reaction velocity. 

A value of 6.4 X 10-5 m has been calculated as the K,, of formylglycin- 
amide ribotide. 

Determination of Km and K, of Glutamine and Azaserine, Respectively— 
In experiments designed to determine the relative binding power of glu- 
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tamine and azaserine for the enzyme, a concentration of the substrate, 
formylglycinamide ribotide, was used, which was approximately 30 times 
greater than the A,, value. Under these circumstances the concentration 
of glutamine has been varied at three different concentrations of azaserine 
(Fig.2). From the plot of 1/V versus 1/S, where V and S are the velocity of 
the reaction and concentration of glutamine, respectively, the values 1 /K, 
may be estimated graphically and the values K,, the apparent constants 


of glutamine in the presence of inhibitor, calculated. When these K, 


Ku (FGAR) =6.4X M 


10 20 50 60 70 
LN Ss 
o/St 


Fic. 1. Determination of the K,, value of FGAR in the reaction, FGAR — FGAM. 
The vessels contained 4 wmoles of glutamine, 2 umoles of ATP, 20 umoles of K.SO,, 
7 umoles of MgCl., 10 wmoles of sodium phosphate buffer, pH 7.4, 0.015 ml. of 
Fraction I, and 0.02 ml. of Fraction II. The levels of FGAR ranged from 0.012 to 
0.06 umole. The final volume was 0.65 ml. 


values were plotted against azaserine concentration (Fig. 3), a value of 
6.2 X 10-* m was obtained for the K,, of glutamine and 3.4 10-5 o for 
the K, of azaserine. The ratio of these two values, K,,/K,, is 18, a value 
which indicates that azaserine is a fairly potent inhibitor of the reaction. 

Effect of Preincubation of Azaserine with Enzyme—In spite of the competi- 
tive nature of glutamine and azaserine demonstrated above, further experi- 
ments to be described indicated that a simple competitive relationship of 
these two compounds did not explain all aspects of azaserine inhibition of 
the enzyme. In Fig. 4 are described experiments in which the order of 
addition of the two compounds to the incubation mixture was studied. In 
these experiments all the vessels containing at least enzyme and buffered 


150 

50 ti 
tl 
7 
0. 
fc 
2. 

XUM 


B. LEVENBERG, I. MELNICK, AND J. M. BUCHANAN 169 


salts were preincubated at 38° for 2 minutes. In addition, some vessels 
contained either azaserine or glutamine or both during the preincubation 
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40 
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Fic. 2. Lineweaver and Burk plot of the data relating to the inhibition of reac- 
tion and azaserine concentration. The basic system contained the following quan- 
tities of materials expressed in micromoles: FGAR, 1.2; ATP, 2; K:SO,., 20; MgCiz, 
7;sodium phosphate buffer, pH 7.4, 10; 0.02 ml. of purified enzyme of Fraction I and 
0.05 ml. of Fraction II, in a total volume of 0.65 ml. The vessels were incubated 
for 10 minutes at 38°. Azaserine was present in the following concentrations: (O) 
2.3 X 10-*m; (@) 3.2 K 10-4 Mm; and (0) 4.6 K 10-* m. 
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Fic. 3. Determination of the K,, of glutamine and K, of azaserine 


period. At the conclusion of the preincubation period the substrates, ATP 
and formylglycinamide ribotide, were added, together with amounts of 
azaserine or glutamine required to bring all vessels (except the control, 
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first column) to the same composition of enzyme, substrates, and inhibitor 
All the vessels were then incubated for 10 minutes, during which time rp. 
action of FGAR was permitted to take place. The control vessel did not 
contain azaserine during either the preincubation or the incubation period, 
The values in parentheses in Fig. 4 indicate that substances were added jp 
the preincubation period and carried over into the main incubation. Ags 
shown in the first two columns, the expected inhibition of reaction occurred 
during the incubation period when both azaserine and glutamine were jp. 


40; — 
30r 
my MOLES 20+ 
FGAM 
FORMED 
PREINCUBATION 
UM AZASERINE os oO 0.15 
INCUBATION 
yM AZASERINE O15 (035) O15 (05) 


Fic. 4. Effect of preincubation of azaserine with the enzyme; relationship of glu- 
tamine to this inhibition. In the preincubation period, 0.02 ml. of the purified en- 
zyme of Fraction I was incubated with 0.1 ml. of a solution containing 10 wmoles of 
sodium phosphate buffer, pH 7.4, 10 umoles of MgCl., and 20 wmoles of K,SO,, and 


with 0.1 ml. of either water or additions of azaserine or glutamine as indicated. 


This solution (0.22 ml.) was incubated for 2 minutes at 38°. At this point the main 
incubation was begun for a period of 10 minutes after adding 0.6 wmole of FGAR, 2 


umoles of ATP, 0.05 ml. of Fraction IT, and quantities of azaserine or glutamine as 
indicated. 


cluded in the reaction system as compared to when glutamine was present 
alone. However, when azaserine alone was included in the vessel with en- 
zyme during the preincubation period, addition of glutamine together with 
the other substrates at a later time did not result in reaction of FGAR. 
However, if glutamine were added first (during the preincubation period) 
and azaserine later (fourth column), the extent of reaction was about the 
same as in the vessel represented by the second column. Again, if both 
azaserine and glutamine were included during the preincubation period, 
the enzyme was protected sufficiently to permit considerably greater reac- 
tion in the vessel represented by the fifth column than that in the vessel 
shown by the third column. 
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These results demonstrate that, if azaserine is permitted to react with 
the enzyme in the absence of glutamine, the enzyme is inactivated irreversi- 
bly. Glutamine has no effect on the course of this inhibition if it is added 
after the azaserine. On the other hand, if glutamine is incubated simul- 


@ 


FGAM SYNTHESIZED (muMOLES) 


0 10 20 30 40 50 60 
TIME (MINUTES) 


Fic. 5. Time study of azaserine effect on enzyme reaction at different levels of 
FGAR. The vessels represented by Curves A and B each contained, in a final volume 
of 0.43 ml., 0.03 ymole of Ba-FGAR, 2 wmoles of ATP, 1 umole of glutamine, and 0.10 
ml. of ‘‘buffer-salts solution,’’ containing 10 wmoles of sodium phosphate buffer, 
pH 7.4, 20 wmoles of K.SO,, and 7 umoles of MgSO,. In addition, the vessels of 
Curve A contained 0.075 umole of azaserine. The vessels represented by Curves C 
and D each contained 0.15 umole of Ba-FGAR. Other materials were added at the 
same levels as in the vessels of Curves A and B. Azaserine (0.075 umole) was present 
in the vessels of Curve C. All the vessels contained Fraction I. 


taneously with the azaserine, it competes with the inhibitor for the enzyme 
site and delays the inactivation of the enzyme. 

Time Study of Azaserine Effect on Enzyme at Different Concentrations of 
FGAR—The fact that glutamine delays rather than prevents the irrevers- 
ible inactivation of the enzyme caused by azaserine is shown in the experi- 
ments reported in Fig. 5, in which a study was made of the effect of the in- 
hibitor on the course of the reaction at two concentrations of FGAR but at 
aconstant concentration of glutamine or azaserine. At the lower concen- 
tration of FGAR (0.03 umole), the reaction was essentially complete after 
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10 minutes, the level of total reaction in the vessel which contained agg. 
serine being about one-half that of the controls which contained no inhibj. 
tor. The cessation of the uninhibited reaction at a level (12 mymoles) 
below the theoretical value of complete reaction (30 mumoles) is always 
observed when Fraction I is incubated alone with the substrates and thep 
Fraction II is added later to convert the FGAM formed into AIR, as re. 
quired by the method of assay. When Fractions I and II are incubated 
simultaneously and direct determination is made for the formation of AIR, 
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MICROMOLES OF INHIBITOR 
Fic. 6. Comparison of the effect of azaserine and DON as inhibitors of the en- 
zyme system (FGAR — FGAM). The basic system consisted of 2 umoles of ATP, 
2 umoles of glutamine, 0.1 wmole of FGAR, 10 wmoles of sodium phosphate buffer, 
pH 7.4, 20 umoles of KeSO,, 7 wmoles of MgCl., and 0.1 ml. of Fraction I and 0.6 
ml. of Fraction II in a final volume of 0.65 ml. The vessels were incubated for 10 


minutes at 38°. (O) vessels containing azaserine; (@) vessels containing 6-diazo- 
5-oxo-L-norleucine. 


the quantities of FGAR converted to AIR approach the theoretical quanti- 
ties (in the absence of azaserine). 

When incubation was carried out at a higher level of FGAR (0.15 umole), 
a different pattern of results was obtained. In the case of the vessels with 
azaserine, reaction Was again finished approximately after a 10 minute in- 
cubation period. However, in the control vessel without inhibition, reac- 
tion continued for at least 30 minutes. These data are interpreted as indi- 
cating that the enzyme remains active under the conditions of incubation 
for a period of time greater than 30 minutes, but that in the presence of 
azaserine there is a progressive and irreversible denaturation of the enzyme, 
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the rate of which is primarily a function of the ratio of the concentrations 
of glutamine to azaserine. 

Action of 6-Diazo-5-oxo-L-norleucine—Studies outlined above for aza- 
serine have been repeated with the inhibitor, DON. DON, which has been 
both synthesized (14, 15) and isolated (16) from natural sources as an 
antibiotic, has many properties in common with azaserine (17-20) as an 
antimetabolite in physiological systems. It has been found that an 
equivalent response may be obtained in a variety of physiological systems 
with DON when administered in approximately one-fortieth the quantities 
required for azaserine. 

When a comparison was made of the effect of DON and azaserine on the 


TaBLe IV 
Comparison of Inhibitors 
The basic system consisted of 2 wmoles of glutamine, 2 wmoles of ATP, 0.13 umole 
of FGAR, 20 uwmoles of K.SO,, 7 umoles of MgCl., 10 wmoles of sodium phosphate 
buffer, pH 7.4, 0.02 ml. of the purified enzyme of Fraction I, and 0.05 ml. of Fraction 
Il. The vessels, which contained the indicated amount of inhibitor, were incubated 
for 10 minutes at 38°. 


Inhibitor Quantity of inhibitor 
umole per cent 

0-Carbamyl-L-serine............ 0.20 0 
y-Glutamylhydrazine....__..... 0.20 29 
0.50 54 


enzyme system (FGAR — FGAM), it was found that DON was likewise 
considerably more effective as an inhibitor than was azaserine (Fig. 6). 
Upon comparison of the extent of inhibition at three levels of inhibitor and 
treatment of the data by the method of Lineweaver and Burk, a value of 
8 X 10-*m has been obtained for the K,, of glutamine and a value of 1.1 X 
10-* for the K,; of DON. The values for the K,, of glutamine as deter- 
mined in the DON and azaserine experiments are in good agreement. The 
value of 727 for the ratio of K,, to K; in the DON experiments is approxi- 
mately 40 times the value of the corresponding ratio obtained in the exper- 
iments on azaserine. This correspondence of the relative effectiveness of 
DON and azaserine in the physiological and enzymatic experiments pro- 
vides strong evidence for the belief that the point of action of these com- 
pounds in the physiological system is concerned with the conversion of 


FGAR to FGAM. 
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DON behaves like azaserine when preincubated with the enzyme. Ip 
the absence of glutamine the enzyme is inactivated irreversibly. However, 
if the preincubation is carried out in the presence of both glutamine and 
DON, the enzyme is partially protected against inactivation, at least during 
the time interval of the experiment. 

Effect of Other Inhibitors—O-Carbamylserine and glutamylhydrazine, 
two compounds which bear a structural resemblance to glutamine, were 
compared to azaserine and DON for their action on the enzyme system 
(FGAR — FGAM). The enzyme system has also been incubated with 
aza-p-serine. As seen in Table IV, aza-p-serine in contrast to aza-L-serine 
has no effect on the reaction. O-Carbamylserine has a small effect at 
higher concentration and y-glutamylhydrazine was the most effective in- 
hibitor other than aza-L-serine and DON. ‘These comparisons indicate 
that the azide moiety of DON and of aza-t-serine is probably the reactive 
site of these inhibitors, but that the structure of the remaining part of the 
molecule plays an important role in the specificity of the inhibitor as a 
competitor of glutamine. 


DISCUSSION 


There are two points partially discussed above which require further 
clarification in future studies. One is the need for more precise information 
on the mechanism of interaction of the inhibitors with the enzyme system 
(FGAR — FGAM). Present studies have shown that aza-L-serine and 
6-diazo-5-oxo-L-norleucine are metabolic and structural analogues of glu- 
tamine, and that they are uniquely reactive with only one enzyme so far 
studied in the purine synthetic system de novo. There are, however, at 
least two other examples in which milder reactions of inhibitor with enzyme 
systems have been observed. Apparently the inhibitors react irreversibly 
with the enzyme (FGAR — FGAM) to cause its denaturation, and gluta- 
mine, the natural substrate of the reaction, competes with the inhibitors 
to prevent this reaction. It would be of value to determine whether there 
is reaction of the inhibitors involving the amino acids of the enzyme or 
some as yet unidentified coenzyme bound to the enzyme surface. 

The second point of discussion concerns the question of whether the sev- 
eral effects of azaserine on biological systems can be explained in terms of 
its action on enzymatic systems as a competitor of glutamine. It seems 
probable that, in the animal tissues studied, both normal and cancerous, 
the effect of azaserine is due to its effect on the enzyme (FGAR — FGAM). 
The correspondence of enzymatic and physiological response in comparison 
of DON and aza-t-serine is cited as evidence for this possibility. 

In certain microbiological systems, azaserine has been shown by Tomi- 
sek, Kelly, and Skipper (21) to cause the inhibition of growth of cells by 
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blocking this enzymatic system and effecting the accumulation of formy]- 
glycinamide ribotide or the riboside. Kaplan and Stock (22), employing 
Escherichia coli, have observed that azaserine toxicity can be prevented 
most effectively by tryptophan, phenylalanine, or tyrosine. Schabel and 
Skipper? have confirmed these observations and further noted that, when 
minimal inhibiting levels of azaserine were employed, methionine or purines 
were effective reversal agents. The further comment has been made by 
Tomisek, Kelly, and Skipper (21) that disturbance of amino acid metab- 
olism occurs in their microbiological system at a concentration of azaserine 
10 times greater than that required to inhibit nucleic acid synthesis. In 
their experiments it would seem, therefore, that nucleic acid synthesis is the 
primary site of azaserine action. 

Regardless of the point of action of azaserine in metabolism, it is probable 
that azaserine is inhibiting a reaction involving glutamine. Thus, Meister 
and Tice (23) have described an enzyme system in which glutamine reacts 
with a variety of a-keto acids to form the corresponding amino acids. 
Phenylpyruvic acid and p-hydroxyphenylpyruvic acid were among those 
compounds listed as amino acceptors. It is, therefore, possible that the 
biosynthesis of phenylalanine and tyrosine is inhibited (22) at this trans- 
amination step involving glutamine, and that growth of these microorgan- 
isms can be restored by adding the amino acids whose syntheses have been 
blocked. 

The lack of success in attempting to reverse inhibition of azaserine or 
DON with glutamine (20) is explained by experiments in this paper. Glu- 
tamine only delays the inhibition caused by the inhibitors. Addition of 
this compound after inhibition has taken place would not be expected to 
cause a reversal of the reaction. Thus, under certain experimental condi- 
tions it might be difficult to establish readily the relationship of these in- 
hibitors to glutamine even though it exists. 


SUMMARY 


Two metabolic inhibitors, aza-L-serine and 6-diazo-5-oxo-L-norleucine, 
have been studied for their action on the enzymes concerned with inosinic 
acid biosynthesis in vitro. Both compounds specifically inhibit one reaction 
of the series, the conversion of formylglycinamide ribotide to formylglycin- 
amidine ribotide in the presence of glutamine and adenosine triphosphate. 
They behave as competitive inhibitors of glutamine. 6-Diazo-5-oxo-L-nor- 
leucine is the more effective inhibitor, being required at only one-fortieth the 
concentration as azaserine to give an equivalent response. If either com- 


? Unpublished data, cited by F. M. Schabel, Jr., and H. E. Skipper, in Progress 
Teport of the Kettering-Mever Laboratory of the Southern Research Institute, 
August 15, 1955. 
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pound is allowed to react with the enzyme in the absence of glutamine, 
there is an irreversible inactivation of the enzyme which cannot be over. 
come by the addition of glutamine. Glutamine, the natural substrate of 
the reaction, apparently competes with the inhibitors in delaying the ep. 
zyme inactivation caused by them. It is believed that the action of these 
inhibitors on this enzyme system is responsible in many instances for the 
effects of these compounds on physiological systems. 
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Methods for the determination of phosphorus depend almost entirely 
upon the reduction of phosphomolybdic acid with the formation of a com- 
plex blue pigment which is presumably a mixture of molybdenum oxides. 
Many variations of methodology revolve about the means by which the 
colored complex is obtained. The method of Fiske and Subbarow (2), in 
which aminonaphtholsulfonic acid (ANS) is utilized, has probably received 
the widest acceptance. It has been our experience that, when submicro- 
gram amounts of phosphorus are involved, this method has shown a dis- 
turbing lack of day to day reproducibility. Furthermore, the absorbance 
of the solutions is such that special glassware and special photometric 
techniques are required when only small amounts of phosphorus are to be 
determined. The substitution of stannous chloride for ANS, as suggested 
by Kuttner and Cohen (3) and by Shinowara et al. (4), gives optical densi- 
ties which are somewhat greater, but the absorbances are not constant 
with respect to time. Stannous chloride is sufficiently vigorous to reduce 
silicomolybdic acid as well as phosphomolybdic acid, unless great care is 
taken. Recently Beveridge and Johnson (5) proposed a mixed molybdate- 
hydrazine sulfate reagent, but, upon exploration of this method, we were 
no better satisfied with the results. Like that of Taussky and Shorr (6), 
the method also requires that the reagent be freshly prepared. The pro- 
cedure of Berenblum and Chain (7) solves many of these problems, but 
demands some inconvenient manipulations for which special extractors are 
required. The use of Elon, suggested by Gomori (8), is satisfactory, ex- 
cept that almost an hour is required to achieve maximal absorbance of the 
colored solutions. | 

The present investigation was undertaken in search of a reducing agent 
possessing the high sensitivity and rapidity of color development charac- 
teristic of stannous chloride and the high order of stability characteristic 
of ANS. Some years ago Feigl (9) pointed out that benzidine will reduce 


* Aided by a grant (No. B-841) from the National Institutes of Health, United 
States Public Health Service. 

A preliminary report of this work was presented before the American Society of 
Biological Chemists, Atlantic City, New Jersey, April 20, 1956 (1). 
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phosphomolybdate and is transformed at the same time to a pigment, 
benzidine blue. ‘The possibility of using benzidine in a quantitative map. 
ner was attractive, since both the phosphomolybdate and the reducing 
agent make a contribution to the over-all absorbance. Unfortunately the 
increased sensitivity was more than offset by a rapid fading and an increas. 
ing turbidity of the solutions. The turbidity was perhaps due to precipi. 
tation of the relatively insoluble benzidine sulfate. Since much of our 
work involved analysis of acid digests of tissue fractions, studies with benzi- 
dine were abandoned. Feigl also mentioned that diphenyline (2,4’-<d. 
aminobipheny!) showed much the same behavior as benzidine and, in addj- 
tion, was soluble in sulfuric acid. Several samples of diphenyline were 
obtained from commercial sources. One sample gave results which were 
eminently satisfactory, but the others did not. It soon became apparent 
that the desirable properties were due to the presence of a contaminant and 
not to the diphenyline itself. Since the material was prepared by a benzi- 
dine rearrangement of phenylhydrazine, we investigated the possibility 
that unchanged phenylhydrazine was responsible for the quality of our 
earlier observations. Phenylhydrazine hydrochloride solutions gave maxi- 
mal absorbances much faster than Elon or ANS, but the intensity of color 


was roughly equal in all cases, indicating that phenylhydrazine was not | 


making any significant contribution to the optical density. In addition, 
the reagent was markedly unstable even when protected with antioxidants. 
When highly purified solutions of diphenyline hydrochloride were em- 
ployed, much the same results were obtained, except that the stability of 
these solutions was considerably greater. In retrospect it seemed that, 
although the diphenyline was made by a benzidine rearrangement, this 
might have been accompanied by a semidine rearrangement, giving rise to 
N-phenyl-p-phenylenediamine or p-semidine itself. Accordingly, semidine 
hydrochloride solutions were studied as possible reducing agents with the 
following observations. The maximal absorbance was achieved in 5 to 
10 minutes and for periods of 1.5 hours (the longest studied) showed no 
variation greater than the error of photometric measurement. The ab- 
sorbances obtained with a given amount of phosphorus were several-fold 
greater than those obtained with any other reagent studied, indicating that 
the semidine was contributing to the final color. This hypothesis was 
verified by adding oxidizing agents other than phosphomolybdate to semi- 
dine solutions. A deep blue color promptly appeared. Finally, it was ob- 
served that for periods as long as 10 days the semidine solutions gave ab- 
sorbances with phosphomolybdate which were identical within the limits 
of pipetting and photometric errors. Within this time period the reagent 
remained perfectly colorless, even in clear glass containers. A description 
of the procedure follows. 
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Methods 
Procedure for Organic Phosphorus 


Reagents — 

H.SO,,5N. For digestion of tissue samples. 

Hydrogen peroxide, 30 per cent, as a digestion catalyst. 

Ammonium molybdate (NH4)sMo7O24-4H.0, 0.025 m. Store in poly- 
ethylene bottles. Complete solution may be aided by addition of not 
more than 0.1 ml. of concentrated H2SO, per 100 ml. of solution. 

Urea, 5 per cent, to insure destruction of any excess peroxide in the di- 
gestion process. 

p-Semidine hydrochloride,'! 50 mg. in 100 ml. of 1 per cent NaHSQ;. 
Place the powdered semidine in a volumetric flask, wet the solid salt with 
a few drops of 95 per cent ethanol, and add the 1 per cent sodium bisulfite 
with shaking. Filter any small amount of insoluble residue. The solu- 
tion should remain colorless for at least 10 days at room temperature in a 
clear glass bottle, after which a slight discoloration becomes evident. This 
does not impair the effectiveness of the reagent, but it increases the blank 
absorbance. 

Phosphorus standard, 1 mg. per cent. 438.1 mg. of KH2PO, in 100 ml. 
of 5 N H»SO,y. Use 1:100 dilution as a working standard of which 1 ml. 
contains 10 y of phosphorus. 

Method —A suitable sample containing from 0.2 to 10 y of phosphorus 
is placed in a 30 ml. Kjeldahl flask, preferably of Vycor glass, with 1 ml. 
of 5 N HoSO, and a small glass bead. The sample is digested in the usual 
way with the aid of 1 drop of 30 per cent hydrogen peroxide to promote 
final clearing of the digest. As soon as the vigorous decomposition of the 
peroxide has subsided, 2 drops of 5 per cent urea are added to insure com- 
plete destruction of all the peroxide. The cleared solution is cooled, di- 
luted to about 2 ml. with water, and reboiled for at least 3 minutes to hy- 
drolyze polyphosphates. The digest is transferred quantitatively to a 5 
ml. volumetric flask with the minimal volume of water. Add 1 ml. of the 
molybdate solution and mix. Add 2 ml. of the semidine reagent, mix, and 
make to the mark with water. The absorbance is measured 10 minutes 
later at either 345 or 770 mu. Standards are run by taking 1 ml. of the 
diluted KH.PO, reagent through the entire procedure. 

The acid digestion proceeds without difficulty if a glass bead is added 
to the flask. Transfer of the digest to the volumetric flask without ineclud- 
ing the variable volume of the bead is facilitated by a modified funnel shown 


'Obtainable from the Distillation Products Industries, a division of the Eastman 
Kodak Company, Rochester, New York, as N-phenyl-p-phenylenediamine hydro- 
chloride, No. 2043. 
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in Fig. 1. This device minimizes the danger of loss and completely elimi. 
nates the annoyance of air locking in the narrow neck of the volumetric 
flask. The funnel is designed to be useful with glass-stoppered flasks of 
from 1 to 50 ml. capacity. 


Fic. 1. Modified transfer funnel. The small hole in the expanded portion of the 
double walled stem eliminates air locking. The indented ‘“‘finger’’ traps the glass 
bead. 


Although the present method was originally designed for determination 
of lipoid phosphorus, it seemed that only minor modifications would be re- 
quired to make it equally practicable for use in the determination of serum 
inorganic phosphorus and serum phosphatase. With care in measuring 
the reagents, no volumetric flasks are required. These procedures are de- 


scribed below. 


Procedure for Serum Inorganic Phosphorus 


Reagents — 

Trichloroacetic acid, 10 per cent, for deproteinization of blood. 

Ammonium molybdate (NH,4)s6Mo7O24-4H2O, 0.008 m. Store in a poly- 
ethylene bottle a 1:3 dilution of the reagent given above. 

p-Semidine hydrochloride, 50 mg. per cent in 1 per cent NaHSO;. As 
above. 

Phosphorus standard, 1 mg. per cent. 438.1 mg. of KH2PO, in 100 ml. 
of 10 per cent trichloroacetic acid. Use 1:100 dilution as a working stand- 
ard. 

Method —Add 0.2 ml. of serum to 1.8 ml. of trichloroacetic acid in a 
centrifuge tube, mix well, and allow to stand for at least 5 minutes; then 
centrifuge. Take 1 ml. of the clear supernatant solution and place it in 
the cuvette. Add 0.2 ml. of the molybdate solution, mix, and finally add 
2 ml. of the semidine reagent. Let stand for 10 minutes and read the ab- 
sorbance at a wave length of either 350 or 770 mu. Standards are run by 
taking 1 ml. of the trichloroacetic acid solution of KH2PO, through the 
entire procedure (1 ml. of 1:100 dilution of the stock standard corresponds 
to 10 y of phosphorus). 
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Procedure for Serum Alkaline Phosphatase 


Reagents — 

Trichloroacetic acid, 30 per cent, for deproteinization. 

Ammonium molybdate (NH4)sMo702;-4H2O, 0.008 mM. See the remarks 
above regarding preparation and storage. 

p-Semidine hydrochloride, 50 mg. per cent in 1 per cent NaHSO;. As 
above. 

Glycerophosphate substrate, pH 9.3. Dissolve 0.5 gm. of sodium 
8-glycerophosphate and 0.424 gm. of sodium barbital in 50 ml. of warm 
water, cool, transfer to a 100 ml. volumetric flask, and make to the mark 
with water. The pH of each lot should be checked; it should be within 
0.05 pH unit of the nominal value. 

Method —Place 1.8 ml. of the buffered substrate in a centrifuge tube and 
incubate at 37° for 10 minutes. Add 0.2 ml. of serum and incubate again 
for l hour. At the end of the incubation period add 0.5 ml. of 30 per cent 
trichloroacetic acid, mix, and centrifuge. Set up a control tube by placing 
ina centrifuge tube 1.8 ml. of the substrate, 0.5 ml. of 30 per cent trichlo- 
roacetic acid, and 0.2 ml. of serum, in that order; then centrifuge. To 1 
ml. aliquots of the clear supernatant fluid from each tube add 0.2 ml. of 
the 0.008 m molybdate and mix well. Finally, add 2 ml. of the semidine 
reagent, let stand for 10 minutes, and read the absorbance at a wave 
length of either 350 or 770 mu. 


Results 


Fig. 2 represents the spectral absorbance curve of two solutions, each of 
which contained 5 y of phosphorus when treated by each of the above 
methods. For better comparison the trichloroacetic acid solutions were 
diluted to 5 ml. to match the sulfuric acid solution. It is curious that, al- 
though many investigators have explored these curves at the red end of 
the spectrum, no report has come to our attention dealing with the ultra- 
violet portion of the spectrum. The considerable absorbance in the range 
of 340 to 385 my is indeed characteristic of the molybdenum oxide com- 
plex. It is exhibited by almost all of the reagents studied in the present 
investigation, although the exact intensity and position of the peak ab- 
sorbance depend on other conditions of the experiment. The slight shift 
of the maximum (345 my for the sulfuric acid solutions and 350 muy for the 
trichloroacetic acid solutions) in the ultraviolet region of the curves in 
Fig. 2 is probably due to solvent effects. The curves were obtained with 
a Beckman DU spectrophotometer from absorbance readings made at 10 
mu intervals. Slit widths ranged from 0.06 to 0.02 mm. with the photo- 
multiplier attachment. We chose to read also at 770 mu in view of the 
isosbestic point which exists there and in view of the fact that the curves 
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are fairly flat in this region. For use with more abridged instruments 
readings at 700 my would be equally satisfactory, although the absorbances 
would be slightly less. 

Fig. 3 describes the relation between the amount of phosphorus and the 
absorbance of the final colored solution in both solvents at both waye 
lengths. The solutions had the same final volume of 5 ml. The curves 
obtained by reading at the isosbestic point are almost exactly parallel, but, 
of the curves obtained by reading at the appropriate ultraviolet maxima, 
the trichloroacetic acid solution shows a distinctly steeper slope. At either 
wave length, the trichloroacetic acid solution gave the highest absorbance 
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Fia. 2 Fia. 3 
Fic. 2. Spectral absorbance curves. Semidine reduction of phosphomolybdate 
(5 y of phosphorus). 
Fic. 3. Concentration of phosphorus versus absorbance. All solutions were made 
to a final volume of 5 ml. 


of the pair. Although the curves do not show it, we have evidence that the 
sulfuric acid curve is linear even beyond the 10 ¥ level. 

The reproducibility of the system is attested by the following data. A 
series of ten samples of a solution, each containing 5 y of phosphorus, was 
treated by the procedure given above for organic phosphorus. The mean 
of the absorbances was 0.372, with a standard deviation of 0.002 if the urea 
treatment was included in the digestion. If the urea was omitted, the re- 
sults showed a much greater variance, indicating incomplete removal of 
the hydrogen peroxide. 

We feel that the procedure described represents a distinct improvement 
of existing methodology. The increased speed of the reaction system is 
accompanied by a several-fold increase in absorbance. Although the pro- 
cedure is designed for use with standard glassware, cuvettes of longer light 
path would permit extension of the analysis to even smaller quantities of 
phosphorus. 
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SUMMARY 


A reagent for the reduction of phosphomolybdate, which is stable and 
fast and which contributes to the optical absorbance of the final solution, 
has been proposed. The maximal absorbance is obtained in 10 minutes or 
less after addition of the reagent and is constant thereafter for at least 1.5 
hours. A useful absorbance maximum in the spectral range 340 to 385 
mz has been observed. Conditions for the use of the new reagent have 
been defined for the determination of lipoid phosphorus, serum inorganic 
phosphorus, and for alkaline phosphatase of the serum. 
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ZINC IN HORSE LIVER ALCOHOL DEHYDROGENASE* 


By BERT L. VALLEE anp FREDERIC L. HOCH 


(From the Biophysics Research Laboratory of the Department of Medicine, 
Peter Bent Brigham Hospital and Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, July 30, 1956) 


The alcohol dehydrogenase (ADH!) of yeast has twice the molecular 
weight of the ADH of horse liver (1), contains 4 gm. atoms of zine (2), 
and binds 4 moles of DPN per mole of protein (1). The liver ADH binds 
2 moles of coenzyme per mole (3). These facts prompted the prediction 
that the liver ADH should contain 2 gm. atoms of zine per mole of protein 
(2). The presence of 2 atoms of zinc in liver ADH has been briefly re- 
ported (4,5). This paper presents detailed spectrographic, microchemical, 
and polarographic analyses which demonstrate the presence of 2 atoms of 
zine per molecule of liver ADH; all other metals are removed during purifi- 
cation. The activity of the enzyme can be modified in a manner analogous 
to but not identical with that observed for other zinc dehydrogenases. 


Methods 


Twice crystallized enzyme was prepared from horse liver (6). Analyses 
for the metal content of crystals and fractions were performed spectro- 
graphically (7), chemically (8), and polarographically (9). Protein was 
determined gravimetrically, after precipitation with trichloroacetic acid 
(10), or spectrophotometrically. 

Enzymatic activity was estimated as previously described (2). The 
3 ml. reaction mixture contained 50 uwmoles of ethanol, 5 wmoles of DPN 
(Pabst Laboratories or Sigma Chemical Company), 0.5 ml. of 0.1 mM pyro- 
phosphate buffer, pH 8.8, and 20 or 40 y of liver ADH. Activities, », 
are expressed as change in optical density at 340 my per minute per mg. 
of enzyme or of protein. 

1,10-Phenanthroline (G. Frederick Smith Company), 8-hydroxyquino- 
line, and sodium diethyldithiocarbamate (Eastman Organic Chemicals) 
were adjusted to the appropriate pH levels before use. 


*This work was supported by a contract (No. NR-119-227) between Harvard 
University and the Office of Naval Research, Department of the Navy, by a grant- 
in-aid from the National Institutes of Health, and by the Howard Hughes Medical 
Institute. 

1 The abbreviations used are ADH, alcohol dehydrogenase; YADH, yeast alcohol 
dehydrogenase; LADH, liver alcohol dehydrogenase; DPN, diphosphopyridine nu- 
cleotide; DPNH, reduced diphosphopyridine nucleotide; OP, 1,10-phenanthroline. 
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Results 


Metal analyses of four preparations of crystalline liver ADH are shown 
in Table I. Zinc is the major constituent; by spectrographic analysis jt 
varies in concentration from 1.72 to 2.31 gm. atoms per mole of protein 
(1 mole = 73,000 gm. (3)), averaging 2.04 for the four preparations, which 
corresponds to 1827 y of zine per gm. of liver ADH. By polarography, 
the average zinc content is 2.01 and, by chemical measurements, 2.28 gm. 
atoms of zine per mole of liver ADH. Aluminum, barium, copper, and 


TABLE I 


Metal Content of Different Crystalline Preparations of 
Horse Liver Alcohol Dehydrogenase 


All the values are in gm. atoms of metal per mole of protein. 


Metal Prepacation Preparation Preparation Avene, 
tallized) ratio 
-....| 0.019 0.014 1.18 0.105 0.330 
0.081 0.084 0.69 0.060 0.229 
Zine, spectrographic..............) 1.72 1.91 2.31 2.20 2.04 
1.77 2.01 t 2.25 2.01 
2.16 1.92 t 2.76 2.28 


These preparations have not been dialyzed. 

* Not detected; also beryllium, boron, cobalt, lithium, molybdenum, nickel, 
silver, and tin. 

t Quantity not sufficient for analysis. 

t Not done. 


iron are detected in all preparations only in stoichiometrically insignificant 
quantities. Calcium, chromium, magnesium, and lead occur sporadically. 
Preparation III contains relatively high concentrations of metals other 
than zinc, among which are 1.18 gm. atoms of aluminum. Recrystalliza- 
tion of the enzyme from ethanol does not alter the zinc content markedly, 
but the concentrations of all other metals are lowered significantly. The 
activity of this recrystallized preparation is almost 4 times greater than that 
of other preparations (Table III, Column A, Fraction 10). 

Variation of pH of the solvent removes zine from the enzyme. Liver 
ADH was dissolved in buffers, the pH of which varied from 7.5 to 4.5; the 
enzyme was then dialyzed at 4° against the same buffer for 21 hours. Ac- 
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tivity and zinc content were measured before and after dialysis. The re- 
sults are shown in Table II. The undialyzed liver ADH has an activity 
of 7.20 and contains 2.98 gm. atoms of zine per mole of liver ADH, a zine 
content higher than that of the purest crystals obtained. At pH 6.0 the 
activity of this preparation is increased to 8.00 and the zinc content is re- 
duced to 2.39 gm. atoms per mole of protein. Buffers of lower pH inac- 
tivate the liver ADH completely, and zinc is progressively removed until 
almost none remains at pH 4.5. 

The relationship of zinc to enzymatic activity is shown in Table III. 
The metal content and enzymatic activity of consecutive fractions obtained 
during a purification of ADH from horse liver are shown (Preparation II, 
Table I). Metal content is expressed in gm. atoms of metal per 73,000 gm. 
of protein. Zine content is expressed also in micrograms per gm. of pro- 


TaBLeE II 
Dialysis of Horse Liver Alcohol Dehydrogenase at Various pH Values 
Rati Zinc 
Buffer pH Pbefore Pafter Protein’ &™ 


atoms per mole 


7.5 7.20 2.98 
Phosphate, 0.1m .. 6.0 7.20 8.00 2.39 

5.5 3.74 0 0.56 
Acetate, 0.1 M..... 4.5 0.50 0 0.07 


Liver ADH is dissolved in buffer, and the rate of DPN — DPNH is measured 
(Vtefore). The solution is then dialyzed for 21 hours at 0° against the same buffer, 
and the activity (Vatter) and zine and protein content are measured. 

* Tris(hydroxymethyl)aminomethane. 


tein to allow for comparison of these data with those on other zine enzymes 
(7). Specific activity rises progressively from 0.44 in the water extract of 
horse liver to 6.50 in the crystals obtained from ammonium sulfate, then 
to 24.8 in the material recrystallized from ethanol (Column A). 

Zine content increases from 0.252 gm. atom per 73,000 gm. of protein in 
the pulp of liver to 2.20 gm. atoms of zine per 73,000 gm. of protein in the 
final crystals (Columns B and C). The activity to zine ratio also rises 
progressively from 1.11 to 12.1 AK349 per minute per microgram of zinc, 
reflecting both the relationship between zinc and the activity in the more 
purified stages and the presence of extraneous zinc even in the first crystals 
(Column D). The concentration of all other metals, 7.e. aluminum, bar- 
lum, calcium, copper, iron, magnesium, molybdenum, and manganese, de- 
creases during the course of purification from 4.27 gm. atoms total per 
73,000 gm. of protein to 0.24 gm. atom in the final crystals (Column E). 
The sum of all these metals is highest in Fraction 4. Subsequent to Frac- 
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tion 5, however, the sum of metals other than zinc decreases with increas- 
ing purification. 

The role of zinc in the enzymatic action of liver ADH was investigated 
by the use of chelating agents. Inhibition of enzymatic activity was ob- 
served with or without preincubation of the enzyme with these agents. Fig. 
| shows the effects of preincubation of liver ADH with 5 X 10-? m OP, 
5 X 10-* m 8-hydroxyquinoline, 0.04 m sodium diethyldithiocarbamate, 
0.45 Mm Versene, or 0.375 m ethylenediamine under the conditions stated. 


1.0 


0.84 


0.45 


— abe 


OP 5x103M 
\ | 
8OHQ 
ED 0.375M 


Na DDC 


| 
| 
| 
0 100 200 300 
Time of Preincubation {min.) 

Fic. 1. Effect of time of preincubation of liver ADH with chelating agents. Con- 
ditions of preincubation: pH 7.0, phosphate buffer, 0.05 m; OP, 8-hydroxyquinoline 
(8-OHQ), and sodium diethyldithiocarbamate (NaDDC) at 23°; Versene (VER) and 
ethylenediamine (ED) at 37°. Aliquots are removed at the times indicated and the 
rate of DPN — DPNH is measured; v, = activity of liver ADH alone, and v; = ac- 
tivity of liver ADH and chelating agent. 


OP reduces activity to 54 per cent of its initial value during the shortest 
time in which the activity measurement could be made. Thereafter, the 
degree of inhibition does not increase during the period of observation. 
8-Hydroxyquinoline, sodium diethyldithiocarbamate, Versene, and ethyl- 
enediamine reduce the enzymatic activity progressively; the initial rate of 
inactivation is first order, and equilibrium is reached after times which 
vary for each inhibitor and with the temperature of preincubation. These 
reagents also inactivate the enzyme up to 15 per cent within 1 minute. 
Liver ADH activity is inhibited without preincubation when OP, 8-hy- 
droxyquinoline, or sodium diethyldithiocarbamate is placed in the reaction 
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mixture and the enzyme is added to start the reaction. Similar results are 
obtained when the rate of DPNH oxidation is measured with acetaldehyde 
as the substrate. The partial activities, v;:v,, in the presence of varyj 

concentrations of these reagents are shown in Fig. 2. 50 per cent inhibi. 
tion results with 4.8 X 10-4 m OP, 2.2 X 10-* m 8-hydroxyquinoline, and 
4.3 X 10-? M sodium diethyldithiocarbamate. Fig. 2 also shows activity 
when varying concentrations of OP are preincubated with liver ADH for | 
minute. Similar results were obtained after 60 minutes of preincubation. 
These points fall closely on the line for inhibition by OP in the reaction 
mixture. The highest concentration of OP with which liver ADH could 


1.07 
0.8: BOHQ 
0.6 
Ve 0.47 
O24 


-Log{I] M 


Fic. 2. Partial activity of crystalline liver ADH versus the concentration of OP 
(@), 8-hydroxyquinoline (©), and sodium diethyldithiocarbamate (0). The in- 
hibitors are in the reaction mixture at pH 8.8, in 0.1 m pyrophosphate buffer, 23°. 
Activity (DPN — DPNH) is measured upon the addition of liver ADH. The points 
(X) represent partial activity when OP is preincubated with the enzyme at pH 88 
in pyrophosphate buffer, 23°; the final concentrations of OP in the reaction mixture 
are plotted. 


be preincubated at pH 8.8 was 9 X 10-* M, owing to limitations of solu- 
bility; thus concentrations of OP greater than 6 X 10~‘ m in the reaction 
mixture were not attainable under these conditions. 

Crystalline liver ADH reduces DPN in the absence of added ethanol 
(11). The curves which relate the degree of inhibition of activity with 
concentration of OP are similar, whether ethanol is added as substrate or 
not. Preincubation of the enzyme with OP for up to 60 minutes does not 
affect the degree of inhibition of this ‘intrinsic’? activity. Fractions ob- 
tained during the course of liver ADH purification prior to the addition of 
ethanol and chloroform (Table III, Fraction 7) also reduce DPN in the 
absence of added ethanol, and the activity of these fractions with and with- 
out added ethanol is inhibited by OP in a manner similar to that exhibited 
by crystalline enzyme. 
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Inhibition of liver ADH activity by 10-* m OP is decreased in the pres- 
ence of Zn** ions (Fig. 3). This concentration of OP in the reaction mix- 
ture produces 32 per cent of the control activity; when 10-* m ZnCl, is 


1.0 [OF] 
08 won + 
06: 

0.44 

0.24 


5 
Log[Zn**}™ 
Fic. 3. Effect of Zn** ions on inhibition of liver ADH activity by OP. 1X 10™° 
u OP is present in the reaction mixture at pH 8.8 in 0.1 Mm pyrophosphate buffer, 23°. 


Varying concentrations of ZnCl, (@) are also included in the reaction mixture, and 
partial activity is plotted versus the logarithm of ZnCl, concentration. 


ia | 
| 
+ 10 3MOP | | 
2.6 


Time (minutes) 

Fic. 4. Reversal of OP inhibition of liver ADH activity by ZnCl:. Absorbance 
at 340 my is plotted versus time. Enzymatic activity (DPN — DPNH) at pH 8.8 
in 0.1 mM pyrophosphate buffer, 23°, is initiated upon the addition of liver ADH (0). 
Inhibition is observed when 1 X 10-3 m OP is added (A); addition of 4 X 10-? m ZnCl, 
(QO) then increases activity. Absorbances are corrected for degrees of dilution and 
for loss in activity of the uninhibited enzyme. 


also present, 67 per cent of activity is preserved, and with 4 X 10°? m 
ZnCl; the activity is 91 per cent of the control value, almost completely 
counteracting inhibitory effects of OP. Increase of activity is directly 
proportional to log (ZnClz), up to 4 10-* m ZnCle. 

The inhibition established with OP can be reversed by addition of ZnCl, 
(Fig. 4). When liver ADH is added to DPN and ethanol, the reaction 
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rate is 14. Addition of 10-* m OP reduces the enzymatic rate to 2.6 im. 
mediately, and addition of 4 X 10-* m ZnCl, then increases the rate to 8). 
All rates are corrected for decrease in the activity of the uninhibited ep. 
zyme. Addition of 5 K 10-* M CuCl, also restores activity to approyxi- 
mately the same degree. 


DISCUSSION 


Emission spectrography, microchemistry, and polarography were em. 
ployed to insure independent verification of the accuracy of the zinc anal. 
yses (7). The absolute differences observed in these analytical data are 
small. The microchemical data are higher than those obtained with the 
other two methods, which agree well with each other. This is expected, 
since the opportunities for contamination with the chemical procedure are 
somewhat greater. The spectrographic data may be accepted as repre- 
sentative, not only for zinc, but also for the other elements. 

By spectrography (Table I), there is an average of 2.03 gm. atoms of 
zine in 1 mole of liver ADH which is not removed either by recrystalliza- 
tion or by dialysis against 0.1 mM phosphate buffer at pH 6.0 (Table II), 
Zinc, present in excess of 2 gm. atoms per mole of protein, is removed by 
dialysis under these conditions, but the intrinsic zine content of liver ADH 
is not lowered. In some experiments, this removal has been accompanied 
by an increase in specific activity, suggesting that the excess zinc may be 
bound differently to the enzyme than is the zine which is part of the mole- 
cule (Table II). Zinc in excess of this molar concentration may thus repre- 
sent contamination. The apoenzyme has been given the empirical for- 
mula [(LADH)Zng] (7). 

The functional significance of all metals other than zine can be dis- 
counted, since their presence and concentrations are variable and recrystal- 
lization of the enzyme further eliminates them. Their removal not only 
does not lower activity, but is usually accompanied by an increase in ac- 
tivity. 

Increase of H+ concentration above 10-* m dissociates the zine of 
{((LADH)Zn.], which may then be removed by dialysis (Table II). 

(H*) 
(1) {|(LADH) Zng] » (LADH) + 2Zntt 
Activity is lost as zine is removed, (LADH) being inactive. The degree of 
reversibility of Equation 1 is not yet determined. Thus, when liver ADH 
loses activity below pH 6 (6), this may be due to loss of zine as in Equa- 
tion 1. 

A relationship between zine and liver ADH activity is also demonstrated 
by their concomitant rise in the course of purification of the enzyme (Ta 
ble III). The greater increase in activity may be accounted for in part by 
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the removal of metals extraneous to the enzyme. Conversely, the lesser 
rise in zine concentration may be partially accounted for by the presence 
of non-ADH zinc in the impure fractions. This is not unexpected, since 
zinc glutamic dehydrogenase (12) has been identified in mammalian (beef) 
liver. Recent data (13) further imply that many other pyridine nucleo- 
tide-dependent dehydrogenases may also be metalloenzymes, possibly con- 
taining zinc. ‘Thus the zine content of impure fractions may reflect the 
presence of other zinc-containing proteins or the zine porphyrin found in 
liver (14). Although the zinc to protein ratio and the specific activity do 
not increase proportionately with purification of liver ADH, they do rise 
in parallel fashion, achieving their maximal level in the highly purified 
erystals (Table III, Fraction 10). 

The progressive diminution of extraneous metals (Table III, Column E) 
is in inverse proportion to the specific activity of the enzyme and its zinc 
content; this further emphasizes the specificity of the association of zinc 
in {((LADH)Zn,]. These findings are analogous to those observed (2) in 
the purification and crystallization of the ADH of yeast [(YADH)Zn,]. 

The considerations for using certain inhibitors of enzymatic activity to 
estimate the functional significance of the metal in metalloenzymes in con- 
junction with analytical data have been described (7). Three metal-bind- 
ing agents, OP, 8-hydroxyquinoline, and sodium diethyldithiocarbamate, 
which inhibit other zinc metalloenzymes, were chosen to investigate the 
role of zinc in [((LADH)Znz2]. These agents bind Zn*, although, like other 
similar agents, they are not specific in their capacity to form complexes 
with this metal. All these reagents inhibit liver ADH activity. The 
mechanisms involved in the inhibition of liver ADH and other pyridine 
nucleotide-dependent metallodehydrogenases will be discussed in separate 
communications.” 

Comparison of the inhibitions produced by 8-hydroxyquinoline and by 
sodium diethyldithiocarbamate with preincubation (Fig. 1) and without 
preincubation (Fig. 2) indicates that these agents behave differently from 
OP. Preincubation with 8-hydroxyquinoline and sodium diethyldithio- 
carbamate produces a progressive inhibition which proceeds initially ac- 
cording to first order kinetics. These agents also inhibit liver ADH ac- 
tivity immediately when they are included in the reaction mixture; the 
same final concentration is less inhibiting than under the conditions of pre- 
incubation. 

The inhibition of [((LADH)Zn,] by OP is immediate and reversible upon 
dilution. Preincubation does not enhance the degree of inhibition, and the 
effect of OP depends only upon its concentration in the reaction mixture 
(Fig. 2). All of the ((LADH)Zn.] (OP). enzyme-inhibitor complex is ap- 
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parently formed as instantaneously as are the [Zn(OP),|*+*+ complexes jp 
solution (15). Therefore, the effect of OP on [((LADH)Zn:] and on the 
ADH of yeast (2) differs. 

Preincubation with Versene in concentrations of 0.45 m inhibits [(LADH). 
Zn2] progressively, initially according to first order kinetics (Fig. 1), while 
the yeast enzyme is not inhibited under similar conditions (2). The pres. 
ence of 0.45 m Versene in the reaction mixture does not produce inhibition 
of liver ADH, confirming the observations of others (4). 

Crystalline horse liver ADH is capable of reducing DPN in the absence 
of added ethanol, while yeast ADH is not. This “intrinsic’’ activity has 
been ascribed to firm binding of ethanol added during the course of puri- 
fication of the enzyme (11). Fractions obtained early during purification, 
which have not been exposed to ethanol during fractionation, also reduce 
DPN. The activity of liver ADH, in the presence or in the absence of 
added ethanol as substrate, is inhibited by OP, indicating that zinc is in- 
volved in the mechanism of enzymatic action of both processes. 

The inhibition of [((LADH)Zn,] activity by OP is partly prevented when 
the chelating sites of OP are occupied by Zn** ions, indicating these sites 
to be essential to the inhibitory effect of OP. The incompleteness of the 
prevention and reversal of inhibition under these conditions may be due 
to either the inhibitory effects of free OP or of free Zn** ions in equilibrium 
with the [Zn(OP),]*+*+ complex, or to the incomplete dissociation of the 
enzyme-inhibitor complex. Assuming 1 molecule of OP to combine with 
each zinc atom of the enzyme, the equilibria may be formulated as follows: 


(2) nOP + Zn** = [Zn(OP),]** 
where n = 1, 2, 3, and 
(3) + 20P 
The over-all reaction in these experiments upon prevention or reversal of 
OP inhibition is 
(4) {((LADH)Zn,.] + 2([Zn(OP),]** = + 2Zn** + nOP 
As the ratio of [Zn*+*+]:[OP] increases to 4, OP inhibition is progressively 
diminished. Incomplete formation of [Zn(OP),]++ (Equation 2) at pH 
8.8 in the presence of pyrophosphate may account for the remaining 9 
per cent inhibition. These results are analogous to those obtained with 
yeast ADH (2). Cutt ions are also effecu ve in reversing established in- 
hibition by OP. 

SUMMARY 


Horse liver alcohol dehydrogenase is a zinc metallodehydrogenase con- 
taining 2 gm. atoms of zinc per mole of protein. Zinc content rises to this 
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yalue during the course of purification of the enzyme; concomitantly, the 
concentration of aluminum, barium, calcium, copper, iron, lead, magne- 
sium, manganese, and molybdenum fall to stoichiometrically insignificant 
levels. ‘The enzyme is given the empirical formula [((LADH)Zn,]. Zine 
is dissociated and may be removed by dialysis below pH 6. Certain metal- 
binding agents inhibit enzymatic activity. The inhibition with 1,10- 
phenanthroline is reversible. It is concluded that zinc is an enzymati- 
cally active component of 
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PHOSPHOPEPTIDES FROM ACID-HYDROLYZED P®-LABELED 
DIISOPROPYLPHOSPHORYL CHYMOTRYPSIN * 
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ROBERT R. ENGLE, anp RICHARD W. DRISKO 


(From the Enzyme Chemistry Branch, Chemical Warfare Laboratories, 
Army Chemical Center, Maryland) 


(Received for publication, July 31, 1956) 


Chymotrypsin is inactivated by diisopropyl phosphorofluoridate (DFP) 
toform the monophosphorylated derivative, diisopropylphosphory! chymo- 
trypsin (DIP chymotrypsin). Partial hydrolysis of the P*-labeled deriva- 
tive with 2 N HCl has yielded P**-labeled O-serine phosphoric acid (Ser- 
PO,) (3) and Ser-PO,.Gly' (5). In a preliminary note (1) the isolation of 
Asp.Ser-PO,, Asp.Ser-PO,.Gly, and Ser-PO,.Gly from a 12 n HCl hydroly- 
sate of DIP chymotrypsin was reported. Turba and Gundlach (6) also 
isolated P*-labeled Ser-PO,y.Gly and Asp.Ser-PO,.Gly from a 12 n HCl 
hydrolysate of the derivative and found two other peptides containing, 
besides serine and glycine, in one case glutamic acid and alanine and in 
the other aspartic acid and glutamic acid. Oosterbaan, Kunst, and 
Cohen (7) isolated from a pancreatic digest a P-labeled peptide which 
contained 1 mole of serine, proline, aspartic acid, leucine, and 2 or 3 moles 
of glycine. It yielded phosphoserine on acid hydrolysis, and its N-ter- 
minal sequence was Gly.Asp (Gly,Ser). 

The present report describes the details concerning the isolation of 
Asp.Ser-PO,, Ser-PO,.Gly, Asp.Ser-PO,.Gly, and of an additional peptide, 
Gly.Asp.Ser-PO,.Gly, from a 12 n HCl hydrolysate of diisopropylphos- 
phoryl chymotrypsin. 


EXPERIMENTAL 


P®-Labeled Diisopropylphosphoryl Chymotrypsin—1.5 gm. of crystalline 
chymotrypsin? were added to the surface of 27 ml. of water in a glass-stop- 
pered Erlenmeyer flask and allowed to dissolve without shaking. 3 ml. of 
1m phosphate buffer, pH 7.4, were added, followed by 25 ul. of P*?-labeled 


* Presented in part at the Forty-sixth and Forty-seventh annual meetings of the 
American Society of Biological Chemists at San Francisco, 1955 (1), and Atlantic 
City, 1956 (2). 

1The convention of Brand and Edsall (4) is used to designate known and un- 
known sequences. The abbreviations used are as follows: Gly, glycine; Asp, aspar- 
tie acid; Ser, serine; Ser-PO,, O-serine phosphoric acid; Glu, glutamic acid. 

*Commercial preparations: DFP purity was determined as previously described 
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DFP,? approximately a 2.5-fold excess. The flask was shaken and allowed 
to stand for 15 minutes at room temperature. A 5 ul. sample was taken 
for the determination of residual chymotrypsin activity.2 The solution 
was dialyzed for 2 days at 4° against running distilled water. 

Partial Hydrolysis of DIP Chymotrypsin and Dowex 50 Chromatography— 
After dialysis, the derivative was evaporated to dryness in vacuo, dissolved 
in 75 ml. of 12 n HCl, and hydrolyzed at 37° for 3 days. After removal 
of the HCl by repeated evaporation in vacuo, the residue was dissolved in 
10 to 15 ml. of water and chromatographed on a column of Dowex 50 Xs 
(hydrogen form, 200 to 400 mesh) 2.6 cm. in diameter and 100 cm. long 
with 0.01 N HCl as the eluent. The flow rate varied from 7 to 13 ml. per 
hour. Fractions of 2 or 4 ml. were collected with an automatic fraction 
collector. The P® content of the fractions was determined as previously 
described (5). The pooled phosphorus-containing fractions from each 
radioactive peak were purified by being rechromatographed on a Dowex 
50 column, 0.83 cm. in diameter and 100 cm. long, with 0.01 N HCl as the 
eluent at a flow rate of about 6 ml. per hour. 

Paper Chromatography—Paper chromatography of peptides and amino 
acids was usually performed with the two-dimensional system of 80 per 
cent phenol and pyridine solvents as previously described (5). This sys- 
tem gives a good separation of serine and glycine. In one preparation, 
one-dimensional descending paper chromatograms of the peptides were 
carried out on Whatman No. 1 paper with the sec-butanol-formic acid- 
water (70:15:15) solvent of Turba and Gundlach (6). Movement was 
very slow with this system. For analysis of amino acid, the dried pep- 
tides were completely hydrolyzed with 0.5 ml. of 6 n HCl at 100° for 16 
to 20 hours. Color was developed with ninhydrin and more recently with 
collidine-ninhydrin (9). Quantitative amino acid chromatography was 
accomplished according to the method of Block et al. (10) by measuring 
the maximal color density with a Welch photoelectric densitometer. 

Phenyl Isothiocyanate Method for Degradation of Peptides—N-Terminal 
residues of peptides were successively determined by a modification of 
Edman’s pheny] isothiocyanate degradation method (11-13). 

A sample of the peptide containing 5 to 15 y of phosphorus was dried 
by lyophilization or with a stream of air in a 15 ml. centrifuge tube. To 
the dried material 0.2 ml. of 50 per cent pyridine, 2 ul. of pheny! isothio- 
cyanate, and 0.01 ml. of redistilled triethylamine were added. The tube 
was stoppered, shaken, and allowed to stand at 40° for 1.5 hours. The 
contents were evaporated to dryness with air, dissolved in 0.5 ml. of water, 
and extracted four times with 1 ml. portions of redistilled ethyl acetate. 


3This was determined with N-acetyltyrosine ethyl ester as a substrate (8) 
either electrometrically or colorimetrically (methods of Dr. H. O. Michel). 
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The water layer, containing the phenylthiocarbamyl (PTC) peptide, was 
dried with air, dissolved in 0.5 ml. of 3 N HCl, and allowed to stand at room 
temperature for 1.5 hours. The 3-phenyl-2-thiohydantoin (PTH) deriva- 
tive was extracted from this solution with four 1 ml. portions of ethyl ace- 
tate. The combined ethyl acetate extract was washed twice with 1 ml. 
portions of water, and these washings were discarded. The PTH deriva- 
tive in the washed ethyl acetate extract was dried with air and dissolved 
in absolute ethanol for spotting on paper. 

Peptides containing N-terminal glycine were incompletely cleaved by 
the above method. These peptides were satisfactorily cleaved by the 
addition of 1 ml. of a cold solution of saturated HCl in anhydrous dioxane 
(14), and the reaction was allowed to proceed for 16 to 18 hours at room 
temperature in a stoppered tube. The HCl was carefully evaporated 
from a beaker over NaOH in a vacuum desiccator. The residue was dis- 
solved in 0.5 ml. of 0.1 N HCl and extracted with ethyl acetate as described 
above. 

When amounts of peptides containing 20 to 30 y of phosphorus were 
used, twice the quantities of reagents were taken in preparing the PTC 
derivatives, and extractions were carried out with 1.5 ml. portions of sol- 
vent. Three successive Edman degradations have been accomplished 
satisfactorily with this method. The paper chromatographic systems of 
Landmann, Drake, and Dillaha (12) were used, and the spots were revealed 
with the sodium azide-iodine reagent of Sjéquist (15) without the use of 
starch. Equilibration of the papers was usually carried out overnight, 
but sometimes for 1 hour, by suspending the cylindrical papers over the 
solvent by a thin wire through a stoppered hole in the glass cover of a bat- 
tery jar (16). Standard amino acid PTH derivatives® were prepared ac- 
cording to Edman (11). 5 ul. of a 0.1 per cent solution of glycine PTH 
in absolute ethanol and 15 ul. of 0.1 per cent aspartic acid PTH were used 
for spotting. Preparation of phosphoserine PTH was attempted only 
on a small scale (10 to 20 y of phosphorus). After reaction with phenyl] 
isothiocyanate, material appeared with an absorption maximum (235 to 
240 my) close to that of other PTC derivatives. During cleavage with 
acid the absorption maximum shifted to that characteristic of PTH deriva- 
tives (263 mu). The PTH derivative was not extractable by organic sol- 
vents and showed no movement in the paper chromatographic systems 
used. 


‘ Personal communication from Dr. C. H. W. Hirs. 

‘Glutamic acid PTH could not be prepared satisfactorily by Edman’s method. 
The cleavage of the phenylthiocarbamylglutamic acid was accomplished with 3 Nn 
HCl at room temperature for 3 hours (personal communication from Dr. Wendell 
A. Landmann). 
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Confirmation of the PTH end group of peptides was obtained indi 
by complete hydrolysis of the PTC peptide or the residual peptide afte 
phenyl isothiocyanate degradation by the determination of the missing 
amino acid residue. For this purpose an amount of material corresponding 
to 1.5 to 2 y of phosphorus was taken for analysis. 

Fluorodinitrobenzene Method for N-Terminal Residues—Both an indireet 
method as previously described (5) and the following direct method were 
used. To the dried peptide, corresponding to 10 y of phosphorus, in a 15 
ml. centrifuge tube were added 0.4 ml. of a 1 per cent 1-fluoro-2 , 4-dinitro. 
benzene (FDNB) solution in absolute ethanol and 0.2 ml. of 1 per cent 
triethylamine in water. The tube was stoppered, mixed, and allowed to 
stand for 2 hours at 40°. The contents were dried with a stream of air 
and dissolved in 0.6 ml. of water plus 0.4 ml. of 1 per cent triethylamine, 
The solution was extracted twice with 2 ml. portions of ether, and the 
aqueous layer was dried. When samples containing 20 y of phosphorus 
were taken, twice the volumes of reagents were used, and extractions were 
made with 3 ml. volumes. After hydrolysis of the dried residue with 05 
ml. of 6 N HCI at 100° for 8 hours, the HCl was evaporated with air and 
the evaporation was repeated twice after the addition of 0.5 ml. of water 
each time. The dinitrophenyl (DNP) residue was dissolved in absolute 
ethanol for spotting. Ethanol solutions of standard synthetic DNP amino 
acids (17) containing 0.15 to 0.3 wmole were taken for spotting. DNP 
phosphoserine was prepared by the above small scale method and yielded 
mainly DNP serine after the 8 hour 6 N HCl hydrolysis. Both the tert- 
amy] alcohol-0.1 mM phthalate buffer solvent at pH 6.0 with buffered What- 
man No. 4 filter paper (18) and the 1.5 m phosphate buffer solvent at pH 
6.0 with Whatman No. 1 filter paper (19) were used. 

C-Terminal Residues—These were determined by a modification of Aka- 
bori’s method of hydrazinolysis (20). A sample of peptide corresponding 
to 7 to 15 y of phosphorus was taken for analysis. Phosphoserine yielded 
mainly serine by this procedure. 


Results 


Dowex 50 Chromatogram of 12 n HCl Hydrolysate of DIP Chymotrypsin— 
The chromatogram showed seven main P*?-containing fractions (Fig. 1), 
and the small Fraction 8 was sometimes detected, but this depended upon 
the specific activity of the preparation. The yield of recovered phosphorus 
varied from 85 to 93 per cent in six different preparations. The nature of 
the main component of each fraction obtained after rechromatography is 
summarized in Table I. Each peptide fraction gave a single ninhydrin 
spot near the origin coinciding with the P®? on two-dimensional paper chro- 
matography. These fractions likewise gave a single spot on paper chro- 
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matography with the sec-butanol-formic acid-water solvent. No fraction 
contained free amino acids. 

Fraction 1—Fraction 1 contained mainly non-peptide phosphorus and 
presumably is phosphoric acid or isopropylphosphoric acid. A small 
amount of undetermined peptide-phosphorus is also present. 

Fraction 2—Fraction 2 gave a single radioactive peak on rechromatog- 
raphy with Dowex 50. Upon complete hydrolysis, it yielded aspartic acid, 
serine, and glycine in approximately equimolar ratios (1.1:1.0:0.8) by 
quantitative paper chromatography. The N-terminal residue was aspartic 
acid by both the direct and the indirect FDNB methods and by the indirect 
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Fic. 1. Dowex 50 chromatogram of 12 n HCl hydrolysate of diisopropyl phosphory] 
chymotrypsin. 1.62 gm. of DIP chymotrypsin were hydrolyzed in 79 ml. of 12 Nn 
HCl at 37° for 3 days, and 80 per cent of phosphorus recovered in fractions; 5 per cent 
was recovered between fractions. 200 to 400 mesh resin in hydrogen form; column 
2.6 X 100 cm.; eluent, 0.01 Nn HCI; flow rate, 13 ml. per hour. Fraction size, 2 ml. 


phenyl isothiocyanate method. In contrast to the remaining fractions, 
Fraction 2 did not yield a PTH derivative. It did give a PTC derivative 
with a characteristic absorption maximum at 240 my. The derivative 
could not be cleaved either with the usual 3 nN HCl, with HCl-saturated 
anhydrous dioxane, or with 6 N HCl at 100° overnight. Hydrazinolysis 
yielded mainly glycine, with a small amount of serine. Since the amino 
acid sequence Ser-PO,.Gly had been established previously (5), and in the 
present work (Fraction 5), it is concluded that Fraction 2 is Asp.Ser-PO,.- 
Gly. Inasmuch as no asparagine has been found in the remaining as- 
party! peptide fractions which yield PTH derivatives, it would not be 
expected to occur in this fraction. 

Fraction 3—Rechromatography of Fraction 3 gave predominantly a 


2 
(7% 

| 3 5 

| L14% | 16% 
| 4 

| | | 6% 
ae 
| A 8% 


202 DIISOPROPYLPHOSPHORYL CHYMOTRYPSIN 


single radioactive peak, which contained the same amino acid residues a 
Fraction 2. The direct phenyl isothiocyanate method for N-terming| 
residues showed the presence of aspartic acid and a spot at the origin 
consistent with phosphoserine. The direct FDNB method yielded ag. 
partic acid and serine (derived from phosphoserine). The possibility of 
asparagine as an N-terminal residue was eliminated by the direct pheny| 
isothiocyanate method. The PTH of the second residue behaved like 
phosphoserine in that it was not extractable by ethyl acetate and showed 
no movement with the paper chromatographic systems used. The residual 


TABLE I 


Phosphopeptide Fractions from 12 n HCl Hydrolysate of 
Diisopropylphosphoryl Chymotrypsin 


Frac- sia Residues by phenyl isothiocyanate method 
mg composition Structure® 
. N-Terminal 2nd 3rd 4th 
1 | None Phosphoric acid or 
isopropyl deriva- 
tive 
2 | Asp,Ser,Gly | Asp.Ser-PQ,.Gly 
3 | Asp,Ser,Gly | Asp,Ser-PO, | Ser-PO, | Gly Asp.Ser-PQ,.Gly; 
Ser-PO, 
4 | Asp,Ser Asp Ser-PO, Asp.Ser-PO, 
5 | Ser,Gly Ser-PO, Gly Ser-PO,.Gly 
6 | Asp,Ser Asp Ser-PO, Asp.Ser-PQO, 
7 | Asp,Ser,Gly | Gly Asp Ser-PO, | Gly | Gly.Asp.Ser-P0,.- 
Gly 


* Fractions with the same structure probably differ in that one is an isopropyl 
derivative. 


t Obtainable only by the indirect method. The direct FDNB method yields 
aspartic acid. 


HCl layer of the second Edman degradation contained free glycine as 
shown by paper chromatography with the phenol solvent. Hydrazinolysis 
yielded both glycine and serine, the latter apparently being derived from 
phosphoserine. Quantitative paper chromatography showed the glycine, 
aspartic acid, and serine to be in the molar ratios of 1.0:1.1:1.7. Hence 
it appears that this fraction is a mixture of Asp.Ser-PO,.Gly and phospho- 
serine. It is probable that the difference between Fraction 2 and the pep- 
tide of Fraction 3 is that one is an isopropy] derivative. 

Fraction 4—Rechromatography of Fraction 4 gave mainly a single peak, 
but sometimes also a small initial peak behaving like Fraction 3. It yielded 
aspartic acid and serine on complete hydrolysis. Its N-terminal residue 
was aspartic acid by both the direct phenyl isothiocyanate and FDNB 


me 
‘4 
ms 
on 
hy 
ph 
t] 
ta 
mi 
Wl 
ot 
m 
m 
SD 
p 
de 
ve 
di 
|: 
re 
n 


SCHAFFER, SIMET, HARSHMAN, ENGLE, AND DRISKO 203 


methods. The residual HCl layer from the separation of the aspartic acid 
PTH contained material that behaved like phosphoserine by paper chro- 
matography with the phenol solvent. Therefore Fraction 4 is Asp.Ser-PO,. 

Fraction 5—¥raction 5 showed a small initial peak besides a main peak 
on rechromatography. ‘The main peak yielded serine and glycine on 
hydrolysis. Its N-terminal residue by the direct Edman method was phos- 
phoserine by the same evidence as that given for the 2nd residue of Frac- 
tion 3. The direct FDNB method yielded DNP serine (from phospho- 
serine). The residual HCl layer in the pheny!] isothiocyanate degradation 
was shown to contain glycine by paper chromatography. anne Fraction 
5 is Ser-PO,4.Gly. 

Fraction 6—Several small early peaks besides the main peak were ob- 
tained on rechromatography of Fraction 6. Paper chromatography of the 
main peak with the sec-butanol-formic acid-water solvent and spraying 
with ninhydrin revealed a yellow spot in contrast to the purple spots of the 
other fractions. It gave aspartic acid and serine onhydrolysis. Its N-ter- 
minal residue was aspartic acid by both the direct Edman and FDNB 
methods. The residual HCl layer from the aspartic acid PTH extraction 
contained material that behaved like phosphoserine and like the corre- 
sponding material in Fraction 4. Hence Fraction 6 is Asp.Ser-PO, and 
probably differs from Fraction 4 in that one or the other is an isopropyl] 
derivative. 

Fraction 7—Rechromatography of Fraction 7 in two preparations re- 
vealed an initial peak amounting to 27 and 39 per cent of the phosphorus, 
with the remainder in a second peak. The first peak proved to be Asp.- 
Ser-PO,.Gly and is probably a breakdown product of the main peak hy- 
drolyzed during its evaporation for rechromatography. The second peak 
gave glycine, aspartic acid, and serine upon hydrolysis. Its N-terminal 
residue was glycine by the direct phenyl isothiocyanate method. Con- 
sistent with this, the indirect Edman and FDNB methods and the indirect 
nitrosyl chloride method (5) gave no evidence for the loss of any residue. 
The 2nd PTH residue was aspartic acid, and the 3rd was phosphoserine; 
glycine was found in the residual HCl layer after the third pheny! isothio 
cyanate degradation. Hydrazinolysis of the fraction yielded glycine. 
Hence Fraction 7 is Gly.Asp.Ser-PO,.Gly. 

Fraction 8—Fraction 8 was found in three of the five preparations and 
amounted to about 2 per cent of the recovered phosphorus. Rechro- 
matography in one preparation yielded an initial small peak (21 per cent 
of phosphorus), followed by a main peak. The latter showed glycine, 
aspartic acid, and serine upon hydrolysis. The indirect FDNB and nitro- 
syl chloride methods gave no evidence for the loss of any residue. Insuffi- 
cient material precluded a further study of Fraction 8. 
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DISCUSSION 


The determination of the amino acid configuration about the serine res. 
idue in chymotrypsin that binds the diisopropylphosphory] portion of 
DFP may throw light on the mechanism of the highly specific DFP reag. 
tion. From the present report, this configuration is found to be Gly.Asp. 
Ser.Gly; more recent work® extends it to Gly.Asp.Ser.Gly.Glu. This jg 
consistent with the finding of Oosterbaan, Kunst, and Cohen (7), who 
found Gly.Asp (Gly,Ser) and Turba and Gundlach (6), who found Asp. 
Ser.Gly. Aspartic acid exists as such in the peptides, not as asparagine, 
as shown by the failure to obtain asparagine PTH. 

The presence of pairs of apparently identical di- and tri- and possibly 
tetrapeptides is best accounted for by assuming that one member is an 
isopropyl derivative. If one member of the pair of Asp.Ser-PQ, is an igo. 
propyl derivative, some difference might be expected in the chromato- 
graphic behavior of the phosphoserines obtained in the phenyl isothio- 
cyanate degradation. No difference has been found in their paper 
chromatography with the phenol solvent. 

In all, seven esterases which are susceptible to inactivation by DFP 
have been shown to bind the diisopropylphosphory] portion of this inhib- 
itor at the hydroxyl group of a serine residue. These enzymes are chymo- 
trypsin (3), trypsin (21, 22), eel cholinesterase (23), red cell cholinesterase 
(24), red cell aliesterase (tributyrinase) (24), serum pseudocholinester- 
ase (24), and liver aliesterase (22). However, other evidence suggests 
that at least with chymotrypsin the initial reaction is with a histidine 
residue followed by a shift to the serine residue. For example, Wagner- 
Jauregg and Hackley (25) found that among the amino acids only histidine 
and tyrosine would react with DFP in aqueous solution at neutral pH. 
Weil, James, and Buchert (26) reported that the loss of enzymatic activity 
of chymotrypsin by mild photooxidation was paralleled by a loss of 1 his- 
tidine and 3 tryptophan residues and that the inactivated enzyme no 
longer reacted with DFP. More direct evidence has recently been ob- 
tained by Whitaker and Jandorf (27), who found that, when chymotrypsin 
was inactivated by FDNB under mild conditions, the diminution of enzy- 
matic activity paralleled the fraction of 1 mole of histidine apparently 
bound by FDNB and also paralleled the same fractional loss of ability to 
bind DFP. It appeared that only 1 of the 2 histidine residues in chymo- 
trypsin was bound by FDNB. 

Two findings are against the suggestion (25) that phosphoserine is an 
artifact of the acid hydrolysis used in isolating it from DFP-inactivated 
enzymes. One is that the peptide isolated by Oosterbaan et al. (7) from 


6 Presented at the Forty-seventh meeting at Atlantic City of the American Society 
of Biological Chemists, 1956. 


‘ 
se 
fre 
ge 
1s 
ot 
es 
a 
tr 
di 
ist 
d 
re 
( 
a 
al 
be 
ti 
p 


SCHAFFER, SIMET, HARSHMAN, ENGLE, AND DRISKO 205 


a pancreatic digest of DIP chymotrypsin contains no residue other than 
serine that would be expected to bind DFP in chymotrypsin, and the pep- 
tide yielded phosphoserine on acid hydrolysis. The other is that results 
from our laboratory (28, 29) as well as those from Wilson e¢ al. (30) sug- 
gest that such a transphosphorylation occurs at neutral pH and probably 
is the final step of a multiple stage inactivation process. These authors 
observed that prolonged incubation of diisopropylphosphory] eel cholin- 
esterase rendered it increasingly resistant to reactivation by hydrox- 
amic acids. This suggests that such prolonged incubation allows the 
transphosphorylation to occur spontaneously and, whereas the initial 
diisopropylphosphoryl bond can be broken by hydroxamic acids, the di- 
isopropylphosphoryl bond to serine cannot be broken. Thus far diisopro- 
pylphosphoryl chymotrypsin has been reactivated only slightly by hy- 
droxamic acids.’ 


SUMMARY 


Diisopropylphosphoryl chymotrypsin was partially hydrolyzed with 
12 x HCl at 37° for 3 days. Dowex 50 chromatography of the hydrolysate 
resulted in the separation of (1) phosphoserine, (2) aspartylphosphoserine, 
(3) phosphoserylglycine, (4) aspartylphosphoserylglycine, and (5) glycyl- 
aspartylphosphoserylglycine. ‘Two other fractions have the same amino 
acid composition and sequence as peptides (2) and (4) and are believed to 
be isopropyl derivatives. Asparagine is not a constituent of these pep- 
tides. 


The authors are indebted to Dr. B. J. Jandorf for valuable help and to 
Dr. H. O. Michel for determinations of diisopropyl phosphorofluoridate 
purity and chymotryptic activity. 


BIBLIOGRAPHY 


1. Schaffer, N. K., Harshman, S., Engle, R. R., and Drisko, R. W., Federation Proc., 
14, 275 (1955). 

2. Schaffer, N. K., Engle, R. R., Simet, L., Drisko, R. W., and Harshman, §&., 
Federation Proc., 15, 347 (1956). 

3. Schaffer, N. K., May, S. C., Jr., and Summerson, W. H., J. Biol. Chem., 202, 67 
(1953). 

. Brand, E., and Edsall, J. T., Ann. Rev. Biochem., 16, 223 (1947). 

. Schaffer, N. K., Harshman, S., and Engle, R. R., J. Biol. Chem., 214, 799 (1955). 

. Turba, F., and Gundlach, G., Biochem. Z., 327, 186 (1955). 

. Oosterbaan, R. A., Kunst, P., and Cohen, J. A., Biochim. et biophys. acta, 16, 299 
(1955). 

. Kaufman, S., Schwert, G. W., and Neurath, H., Arch. Biochem., 17, 203 (1948). 

. Levy, A. L., and Chung, D., Anal. Chem., 25, 396 (1953). 


“ID or 


oOo oo 


7 Personal communication from Dr. B. J. Jandorf. 


of 
C- 
is 
0 
).- 
ly 
in 
‘ 
or 
p 
)- 


206 DIISOPROPYLPHOSPHORYL CHYMOTRYPSIN 


10. 


Block, R. J., Durrum, E. L., and Zweig, G., A manual of paper chromatography 
and paper electrophoresis, New York, Ist edition, 51 (1955). 


. Edman, P., Acta chem. Scand., 4, 277 (1950). 
. Landmann, W. A., Drake, M. P., and Dillaha, J., J. Am. Chem. Soc., 76, 3638 


(1953). 


. Fraenkel-Conrat, H., and Harris, J. I., J. Am. Chem. Soc., 76, 6058 (1954). 

. Fox, 8S. W., Hurst, T. L., and Itschner, K. F., J. Am. Chem. Soc., 78, 3573 (1951), 
. Sjdquist, J., Acta chem. Scand., 7, 447 (1953). 

. Consden, R., Brit. Med. Bull., 10, No. 3 (1954). 

. Rao, K. R., and Sober, H. A., J. Am. Chem. Soc., 76, 1328 (1954). 

. Blackburn, S., and Lowther, A. G., Biochem. J., 48, 126 (1951). 

. Levy, A. L., in Glick, D., Methods of biochemical analysis, New York, 2, 35 


(1955). 


. Kroner, T. D., Tabroff, W., and McGarr, J. J., J. Am. Chem. Soc., 77, 3356 (1955). 
. Schaffer, N. K., and Engle, R. R., Chemical Corps Medical Laboratories Re. 


search Report, No. 354 (1955). 


. Cohen, J. A., Oosterbaan, R. A., Warringa, M. G. P. J., and Jansz, H. S., Dis. 


cussions Faraday Soc., 20, 114 (1955). 


. Schaffer, N. K., May, 8. C., Jr., and Summerson, W. H., J. Biol. Chem., 206, 20} 


(1954). 


. Cohen, J. A., Oosterbaan, R. A., and Warringa, M. G. P. J., Biochim. et biophys. 


acta, 18, 228 (1955). 


. Wagner-Jauregg, T., and Hackley, B. E., Jr., J. Am. Chem. Soc., 76, 2125 (1983). 
. Weil, L., James, S., and Buchert, A. R., Arch. Biochem. and Biophys., 46, 266 


(1953). 


. Whitaker, J. R., and Jandorf, B. J., Federation Proc., 16, 383 (1956); J. Biol. 


Chem., 223, 751 (1956). 


. Jandorf, B. J., Crowell, E. A., and Levin, A. P., Federation Proc., 14, 231 (1955). 
. Jandorf, B. J., Michel, H. O., Schaffer, N. K., Egan, R., and Summerson, W. H., 


Discussions Faraday Soc., 20, 134 (1955). 


. Wilson, I. B., Ginsberg, S., and Meislich, E. K., J. Am. Chem. Soc., 77, 4286 (1955). 


11 
13 
14 
16 
17 
18 
19 
20 tk 
22 
23 i 
&. 
B 
a 
26 
W 
28 
a 
¢ 
p 
( 
e 
0 
( 
a 
| 
] 
XUM 


1). 


STUDIES ON THE INITIAL STEP OF FATTY ACID 
ACTIVATION * 


By WILLIAM P. JENCKSf anp FRITZ LIPMANN 


(From the Biochemical Research Laboratory, Massachusetts General Hospital, and 
the Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, August 2, 1956) 


In the course of studies on the mechanism of ATP!-acylate activation, 
the over-all formation of acyl CoA was shown to involve a CoA-independ- 
ent step. As was reported briefly (1), a practically CoA-free liver prepa- 
ration specific for fatty acids of intermediate chain lengths catalyzed an 
ATP-linked acylate activation which, on addition of CoA, could be modi- 
fied to yield acyl CoA. This observation indicated a two-step reaction 
which, in the meantime, was more explicitly demonstrated by the work of 
Berg (2). In the present publication, the study of the primary acylate 
activation will be reported in greater detail. Although the initial step 
can easily be demonstrated under various conditions, a separation of the 
system into two enzyme fractions has never been possible. However, 
the two-way reaction of acyl adenylate first demonstrated by Berg (2) 
was easily confirmed. 


Materials and Methods 


PP was measured as phosphate hydrolyzed by 1 mM HCl in 12 minutes 
at 100° after removal of adenine nucleotides by adsorption on acid-washed 
charcoal from a trichloroacetic acid filtrate which had been neutralized to 
pH 2 to pH 5 with sodium acetate (3). The results obtained with this 
method agree with those obtained by precipitation of PP as the Mn salt 
(4) and by the increase of phosphomolybdate color with time in the pres- 
ence of cysteine (5). Inorganic phosphate was measured by the method 
of Fiske and Subbarow (6). 

Hydroxamic acid was measured as the ferric salt (7). For the measure- 


* This investigation was supported in part by a research grant from the National 
Cancer Institute, National Institutes of Health, United States Public Health Serv- 
ice, and the Life Insurance Medical Research Fund. 

t Postdoctoral Fellow of the Life Insurance Medical Research Fund. Present 
address, Department of Chemistry, Harvard University, Cambridge, Massachusetts. 

1 The following abbreviations are used: inorganic pyrophosphate (PP); adenosine 
triphosphate (ATP); adenosine diphosphate (ADP); adenosine monophosphate 
(AMP); coenzyme A (CoA); glutathione (GSH); tris(hydroxymethyl)aminomethane 
(Tris); ethylenediaminetetraacetic acid (EDTA); trichloroacetic acid (TCA); and 
reduced coenzyme A (CoASH). 
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ment of acyl AMP, 0.5 ml. of sample was incubated with 0.6 ml. of 2y 
neutralized hydroxylamine for 10 minutes at 37° before addition of 2 ml, of 
a solution containing 10 per cent FeCl;3, 3.3 per cent TCA, and 0.67 y 
HCl. Under these conditions, the half time of reaction for acetyl AMP 
is 0.6 minute and for hexanoyl AMP 1 minute. Old solutions of acety| 
AMP contain a substance with a half time of 5 minutes, presumably a 5. 
bose-acetylated AMP. 

Chromatography of acethydroxamic acid was carried out for 20 hours 
at 30° on Whatman No. 1 paper with 1:1:1 collidine-lutidine-water with 
1 per cent triethylamine and on Whatman No. 31 double thickness paper 
with 4:1 phenol-water. Chromatography of phenylalanylhydroxamic acid 
was carried out with these systems, and also on Schleicher and Schuell 
No. 589 blue ribbon paper with 4:1:5 butanol-acetic acid-water, for % 
hours at 23°. Reaction mixtures were deproteinized with perchloric acid 
and neutralized, and hydroxylamine was removed by lyophilization before 
chromatography. 

Free sulfhydryl groups were determined by Mahler, Wakil, and Bock’s 
modification (8) of the nitroprusside reaction of Grunert and Phillips (9). 
Protein was measured turbidimetrically with trichloroacetic acid (10). 
AMP was determined enzymatically by the method of Kalckar (11). CoA 
was assayed by its effect on the enzymatic acetylation of sulfanilamide (12). 

Materials—Acyl AMP was prepared by a modification, developed in 
this laboratory,? of Avison’s method for the pyridine-catalyzed acylation 
of phosphate in aqueous solution by using the corresponding anhydrides 
(13). For hexanoyl AMP synthesis, the reaction mixture was stirred 
vigorously for 30 minutes instead of the 5 minutes used for acetic and pro- 
pionic anhydrides. The products were obtained as lithium salts of 80 to 
90 per cent purity as measured by hydroxamic acid formation and by paper 
electrophoresis at pH 6.8 followed by elution and determination of 260 
my absorbing material; the remaining 10 to 20 per cent consisted of AMP 
and ribose-acetylated AMP. The absorption spectrum of the product 
was identical to that of AMP. It was used for enzymatic experiments 
without further purification. 

CoA of about 70 per cent purity and crystalline ATP were obtained from 
the Pabst Laboratories, and C-labeled ATP was obtained from the 
Schwarz Laboratories, Inc. Hydroxylamine low in salt content was pre- 
pared by the method of Beinert et al. (14) and was used for experiments 
requiring a hydroxylamine concentration of more than 1 Mm; other experi- 
ments and the routine assay procedure were carried out with hydroxyl- 
amine hydrochloride neutralized with NaOH. P**-labeled PP and AMP 
were kindly given by Dr. M. E. Jones, and crystalline pyrophosphatase 
was kindly given by Dr. M. Kunitz. 

? Moyed, H. S., and Lipmann, F., J. Bact., in press. 
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Phenylalanylhydroxamic acid was prepared by the method of Safir and 
Williams (15), and other hydroxamic acids as described by Wilson et 
al. (16). 

Preparation of Enzyme—Fresh, chilled hog liver? was passed through a 
meat grinder, homogenized in a Waring blendor at low speed for 1 minute 
with 3 volumes of 8.5 per cent sucrose containing 0.05 m NaHCOQs;, and 
then centrifuged at 2300 X g for 10 minutes. The supernatant fluid was 
diluted with 3 volumes of 0.15 mM KCI and 0.015 m NaHCOs, and the parti- 
cles were collected with a Sharples supercentrifuge. This paste was mixed 
with an equal volume of 0.15 Mm KCI and sonically disrupted in a Raytheon 
magnetostrictive oscillator for 15 minutes. After centrifugation to re- 


TaBLE I 


Purification of Fatty Acid-Activating Enzyme from Extracts of 
Sonerated Hog Liver Mitochondria 


Fraction Volume Protein Activity Recovery 

ml. mg. per cent 
460 40 ,400 0.24 100 
Protamine supernatant............... 1250 11,000 0.57 63 
45-65% ammonium sulfate............ 202 6,900 0.68 47 
35-60% ammonium sulfate............ 62 740 2.8 21 
35-60% ammonium sulfate............ 11.4 176 6.3 11 


The assay system contained 5 uwmoles of ATP, 5 umoles of octanoate, 200 umoles 
of hydroxylamine, 5 uwmoles of glutathione, 100 uwmoles of Tris, pH 8.0, 7 umoles of 
MgCl., and 40 umoles of NaF in a volume of 1.0 ml. Incubated 30 minutes at 37°. 


move insoluble debris, this extract was treated, as shown in Table I, with 
an excess of protamine sulfate, fractionated with ammonium sulfate, and 
precipitated by addition of 0.1 volume of 1 M citrate buffer, pH 4.35, to a 
protein solution of about 20 mg. per ml. at —1°. The protein precipitated 
at pH 4.35 was dissolved in a small volume of 1 m Tris, pH 8.0, and diluted 
to about 10 mg. per ml. before further fractionation. The best enzyme 
preparation obtained had an activity of 11.1 units, defined as micromoles 
of PP formed by 1 mg. of enzyme in 1 hour in the presence of 0.2 m hy- 
droxylamine with the assay system described in Table I. NaF is included 
in the assay mixture to inhibit inorganic pyrophosphatase. Since PP 
formation increases with increasing hydroxylamine concentration, this 
assay system does not measure maximal enzyme activity, although it is 


* We are indebted to the Somerville Packing Company at Somerville, Massachu- 
setts, for generous supplies of hog liver. 
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essentially linear with respect to enzyme concentration and time. The 
purified undialyzed enzyme was still active after storage for a year at —15° 


Results 


Over-All Formation of Acyl CoA from ATP, Fatty Acid, and CoA—The 
partially purified hog liver fatty acid-activating enzyme, like the beef liver 
enzyme described by Mahler et al. (8), catalyzes activation of fatty acids 
of intermediate chain length to their acyl CoA derivatives with the liberg. 
tion of PP from ATP. The formation of acyl CoA may be followed by 
measuring the disappearance of the sulfhydryl group of CoA, by following 
the appearance of the 232 my absorption band of acyl CoA, or (Table II) 
by measuring the amount of hydroxamic acid formed after incubation of 
an aliquot of the reaction mixture with hydroxylamine. 


TaBLeE II 
Comparison of Activity with CoA and Hydrozylamine 
Additions PP Hydroxamic acid 
umole pmole 
lyuwmole CoA........._... 0.76 0.53* 
200 zmoles hydroxylamine... 0.80 0.14 


The reaction mixture contained 0.5 mg. of enzyme (containing 0.08 unit of CoA 
per mg.), 3 wmoles of octanoate, 5 uwmoles of ATP, 7 wmoles of MgCl;, 40 umoles of 
NaF, 10 wmoles of GSH, 100 uzmoles of Tris, pH 8.0, and additions as indicated ina 
volume of 1.6 ml. Incubated 17 minutes at 37°. 

* Hydroxylamine added to aliquot after incubation and deproteinization. 


Pyrophosphate Formation with Preparations Practically Freed from CoA— 
In the presence of 0.13 m hydroxylamine, PP is liberated without the addi- 
tion of CoA, but much less than an equivalent amount of hydroxamic acid 
is formed (Table II). Such a reaction has also been observed with a crude 
beef liver enzyme preparation. Both PP and hydroxamic acid formations 
are completely dependent on hydroxylamine, fatty acid, and ATP, and 
therefore cannot be attributed either to lipase (7) or to a hydrolyzing en- 
zyme which splits ATP into AMP and PP (17). The accumulation of 
AMP is slightly less than that of PP because of the presence in the enzyme 
preparation of myokinase, which catalyzes the reaction of AMP with ATP 
toform ADP. These nucleotides and PP were identified by paper electro- 
phoresis of the reaction products in acetate buffer at pH 3.6. The enzyme 
preparation used in these experiments contained only barely detectable 
amounts of CoA (0.08 unit per mg.). Other preparations did not lose ac- 
tivity after successive treatments with Dowex 1 chloride, charcoal, and 
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ammonium sulfate at pH 3.5 in an attempt to remove any CoA which 
might be bound to the enzyme. 

Hydrazine and cysteine are the only compounds, aside from CoA itself, 
which will replace hydroxylamine in the PP-forming reaction; semicar- 
bazide, imidazole, pyridine, glycine, GSH, EDTA, omission of fluoride, 
NaCN, NaHSO;, and NH,Cl are inactive. 

The relationship between hydroxylamine concentration and the forma- 
tion of PP and hydroxamic acid is shown in Fig. 1. At relatively low con- 
centrations of hydroxylamine, several times more PP than hydroxamic 
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CONCENTRATION OF HYDROXYLAMINE 


Fic. 1. The effect of hydroxylamine concentration on the formation of PP and 
hydroxamie acid. The reaction mixture contained 0.3 mg. of enzyme, 10 uwmoles of 
ATP, 5 umoles of octanoate, 7 umoles of MgCl2, 40 umoles of NaF, 5 umoles of GSH, 
100 umoles of Tris, pH 8.0, and the indicated molarity of hydroxylamine in a vol- 
ume of 1.0 ml. Incubated 30 minutes at 37°. 


acid is formed. PP formation reaches a maximum at about 1 m hydrox- 
vlamine, but at only about 3 mM hydroxylamine does the formation of hy- 
droxamic acid approach that of PP. The maximal rate of PP formation 
with hydroxylamine is similar to the rate observed under optimal condi- 
tions with CoA as acyl group acceptor. 

Catalytic Role of Fatty Acid in PP Formation—lf the reaction is carried 
out with a limiting concentration of fatty acid and at low hydroxylamine 
concentration, more PP than hydroxamic acid is formed and the formation 
of PP exceeds the amount of fatty acid (Table III). If CoA is added to 
this system, so that the fatty acid is more rapidly fixed as hydroxamic acid, 
there is a net decrease in PP formation. 

A somewhat similar phenomenon is observed in the absence of CoA if 
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TaBLeE III 


Inhibition of PP Formation by CoA in Presence of Low 
Concentrations of Fatty Acid 


tl 
No CoA 0.1 wmole CoA fi 
Octanoate added 
PP Hydroxamic acid PP Hydroxamic acid s 
a 
pmoles umole pmoles umole 
1.0 0.1 0.4 0.1 
2.3 0.3 2.4 0.6 
The reaction mixture contained 0.5 mg. of enzyme, 5 wmoles of ATP, 200 umoles f 


of hydroxylamine, 10 ymoles of GSH, 7 wmoles of MgCl:, 40 wmoles of NaF, and 
100 wzmoles of Tris, pH 8.0, in a volume of 1.0 ml. Incubated 60 minutes at 37°. 


15S pM OCTANOATE 1S pM OCTANOATE 
1.6 M HYDROXYLAMINE 0.33 M HYDROXYLAMINE 
8 r 
A B 
6 
10 
2 
a 
a 
= HYDROXAMIC 
ACID 
- 
30 60 30 60 
MINUTES 
| 
Cc D 
6} 
pM OCTANOATE OCTANOATE 
= 1.6 M HYDROXYLAMINE 0.33 M HYDROXYLAMINE 
Oo 4Fr 
a 
a. 
2 
30 60 30 60 
MINUTES 
Fic. 2. Effect of hydroxylamine concentration on PP and hydroxamate forma- 
tion with excess and limiting amounts of fatty acid. Solid lines, PP. Dashed lines, 
hydroxamic acid. The reaction mixtures contained 0.8 mg. of enzyme, 20 umoles 
of ATP, 15 umoles of MgCl., 75 wmoles of NaF, 10 ymoles of GSH, 200 umoles of Tris, 
pH 8.0, and octanoate and hydroxylamine as indicated. Final volume, 2.4 ml. In- 
cubated at 37°. , 
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the hydroxylamine concentration is increased (Fig. 2). With limiting 
fatty acid, the appearance of PP and hydroxamic acid is rapid at first, but 
stops when all the added fatty acid has been converted to hydroxamic 
acid (Fig. 2, C). In 0.33 m hydroxylamine, the formation of hydroxamic 
acid is slower and PP formation continues, eventually reaching a higher 
value than in 1.6 M hydroxylamine (Fig. 2, D). 

Therefore, conditions which result in the tying up of fatty acid as hy- 
droxamic acid decrease the net formation of PP, and more PP may be 
formed than fatty acid added if fatty acid is not all trapped as hydroxamic 


TABLE IV 


Extra Formation of Hydrorylamine-Reactive Material at Low 
Concentrations of Hydrorylamine 


jHydroxamic acid 
pmole pmole umole 
0 0 0 
0 0.03 0.03 


The reaction mixture contained 0.56 mg. of enzyme (activity 5.6 units per mg.), 
5umoles of octanoate, 10 of ATP, 160 of NH.OH, 70 umoles of MgCl., 
40 umoles of NaF, and 100 uwmoles of phosphate buffer, pH 6.8, in a volume of 1.0 ml. 
Incubated 30 minutes at 37°. At the end of the incubation, TCA was added and, 
after centrifugation in the cold, one aliquot was analyzed directly for hydroxamic 
acid formation; another aliquot was allowed to react for 10 minutes with 1 m NH,OH 
at 37° prior to determining hydroxamic acid. 


acid. No disappearance of hydroxamic acid has been observed on incuba- 
tion of butyryl- and octanoylhydroxamic acids with the same enzyme prep- 
aration. It seems, then, that hydroxylamine at low and medium con- 
centrations acts in some manner catalytically, permitting a small amount 
of fatty acid to be reutilized in the pyrophosphate-liberating process. 
Some indication for the accumulation of very small amounts of an un- 
stable intermediary was obtained in the presence of low concentrations of 
hydroxylamine (Table IV). At the end of the experiment an aliquot of 
the deproteinized reaction mixture was analyzed directly for hydroxamic 
acid, and another aliquot was allowed to react for 10 minutes with 1 m 
hydroxylamine and then analyzed for hydroxamic acid. A small but con- 
sistent increase in hydroxamic acid was observed. An attempt to identify 
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this compound as acyl AMP by carrying out the reaction with C-labeled 
ATP, adding carrier acy] AMP at the end, and isolating the acyl AMP by 
paper electrophoresis revealed no radioactivity in the acyl AMP fraction, 

Acyl Adenylate Deacylase—Purified enzyme preparations catalyze 
rapid disappearance of acyl! AMP. The rate of hexanoyl AMP decompo- 
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MG. ENZYME 

Fig. 3. Enzymatic hydrolysis of hexanoyl] AMP. The reaction mixture con- 
tained an enzyme preparation (activity 5.6 units per mg. dialyzed for 4 hours against 
0.15 m KCl, 10-* m EDTA), 2 wmoles of hexanoy] AMP, and 50 uzmoles of potassium 
phosphate buffer, pH 6.8, in a volume of 0.55 ml. Incubated 30 minutes at 37°. The 
reaction was stopped with 5 per cent TCA, the tubes were centrifuged in the cold, 
and the hexanoy] AMP remaining was determined on an aliquot of the supernatant 
solution. 


sition is proportional to enzyme concentration in phosphate buffer at pH 
6.8 (Fig. 3). Under these conditions spontaneous decomposition of acyl 
AMP is negligible. In Tris buffer at pH 8, however, there is a slow dis- 
appearance in the absence of enzyme. The enzymatic reaction is partially 
inhibited by fatty acid anions and by fluoride; no metal requirement has 
been detected. In contrast to fatty acid activation, this reaction is stable 
to treatment of the enzyme with 0.01 nN HCl for 5 minutes at room tempera- 
ture, suggesting that the two reactions are carried out by different enzymes. 
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Activation of Acetate—The substrate specificity of the hog liver enzyme 
is similar to that of the beef liver enzyme (8) with activity towards even- 
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CONCENTRATION ACETATE 

Fic. 4. Effect of acetate concentration (A) on PP formation in the absence of an 
acyl acceptor and (B) on the acetylation of CoA. A, the reaction mixture con- 
tained 0.55 mg. of enzyme (activity 4.8 units per mg.), 5 wumoles of MgCl2, 20 umoles 
of NaF, 2 umoles of GSH, 50 uwmoles of Tris, pH 8.0, and potassium acetate as indi- 
cated in a volume of 0.6m]. Incubated 60 minutes at 37°. B, the reaction mixture 
contained 0.12 wmole of CoA, 1 umole of ATP, 2 umoles of MgCl, 1 umole of EDTA, 
20 umoles of Tris, pH 8.0, 0.19 mg. of enzyme (activity 5.6 units per mg.), and sodium 
acetate as indicated in a volume of 0.2 ml. Incubated 15 minutes at 37°. Acetyl 

CoA measured as disappearance of reduced coenzyme A (CoASH). 


TABLE V 
Inhibition of Acetate Activation by N-Ethyl Maleimide 
Additions during preliminary incubation CoASH disappearance 
umole 
2X 10-* hexanoyl AMP........... 0.100 
10°? m N-ethyl maleimide.......................... 0 
+ 2 X 10-* m hexanoyl 
10-* m N-ethyl maleimide + 2 X 10-‘m acetyl AMP. 0.008 


The initial mixture contained 20 uwmoles of Tris, pH 8.0; 2 umoles of MgCl.; 1 
umole of EDTA; 0.37 mg. of enzyme (activity 4.8 units per mg.), and the indicated 
additions in a volume of 0.1 ml. After 5 minutes of incubation at 37°, 2 umoles of 
KBH, were added, and the mixture was incubated 3 more minutes to destroy the 
N-ethyl maleimide. 0.19 wmole of CoA, 1 ymole of ATP, and 75 umoles of potassium 
acetate were then added, and the mixture was incubated for 20 minutes in a final 
volume of 0.22 ml. 


numbered fatty acids of 4 to 12 carbon atoms and maximal activity to- 
wards octanoate. Fatty acids of 8 or more carbon atoms are inhibitory 
at concentrations greater than 0.005 m. Under the usual assay conditions 
(0.005 m substrate), no activity was detected with acetate or propionate. 
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With higher concentrations of acetate and propionate, however, both 
PP formation and the acylation of CoA are readily demonstrable. |p 
contrast to the reaction with longer chain fatty acids, PP formation in the 
presence of acetate occurs without the addition of hydroxylamine or CoA, 
but is not accompanied by the accumulation of any hydroxylamine-reactiye 
material. The concentration of acetate required for the half maxima] 
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PP ypM/MG./HOUR WITH OCTANOATE 


Fic. 5. The relative activity of different enzyme fractions with phenylalanine 
and with octanoate. Activity with octanoate assayed with standard assay system. 
Activity with phenylalanine measured as PP formation in the presence of 10 wmoles 
of phenylalanine, 3 wzmoles of ATP, 600 umoles of hydroxylamine, 2 wzmoles of GSH, 
4 wmoles of MgCls, 20 umoles of NaF, and 50 umoles of Tris, pH 8.0, in a volume of 
0.5 ml. Incubated 30 minutes at 37°. 


rate of PP formation is 0.2 m, which is 10 times greater than for the acetyla- 
tion of CoA (Fig. 4). GSH is not required for PP formation. The max- 
imal rates of both reactions are about the same and equal to one-fifth of 
the rate with octanoate under standard assay conditions. The hydroxamic 
acid formed in the presence of hydroxylamine was chromatographically 
identified as acethydroxamic acid. 

Enzyme fractions from different steps of the purification procedure show 
parallel activity towards acetate and octanoate, which seems to indicate 
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that both activations are due to the same enzyme. Furthermore, acetate 
activation is inhibited by 10-* m N-ethyl maleimide, and this inhibition is 
partly prevented if 2 X 10-* m hexanoyl AMP is present during the initial 
incubation, while acetyl AMP has little protective action (Table V). 
Activation of Phenylalanine—In the presence of hydroxylamine, pheny]- 
alanine is converted to phenylalanylhydroxamic acid with the release of 
PP at about one-fourth the rate of octanoate activation. This activity 
follows octanoate activity throughout purification of the enzyme (Fig. 5). 
The relationship of hydroxylamine concentration to PP and hydroxamic 
acid formation is similar for both reactions and, in 2 m hydroxylamine or 
over, equivalent amounts of PP and hydroxamic acid are formed. 0.02 m 


TaBLe VI 
Effect of CoA on PP and Hydrozamic Acid Formation with Phenylalanine 
Hy droxylamine PP 

iden No CoA 0.33 0.05 


The complete system contained 0.75 mg. of enzyme (activity 4.8 units per mg.), 
0.2 umole of CoA, 25 ymoles of phenylalanine, 5 wmoles of ATP, 5 wmoles of GSH, 4 
umoles of MgCl, 20 wymoles of NaF, and 50 umoles of Tris, pH 8.0, in a volume of 0.6 
ml. Incubated 60 minutes at 37°. Hydroxamic acid determined after deproteiniza- 
tion with TCA and incubation of an aliquot of the reaction mixture with hydroxyl- 
amine for 10 minutes at 37°. 


phenylalanine gives the half maximal rate of PP formation. Synthetic 
phenylalanylhydroxamic acid and the enzymatic reaction product moved 
towards the cathode on paper electrophoresis in 0.08 m sodium acetate- 
0.2 m acetic acid buffer and moved at the same rate in chromatography 
in three solvent systems. 

In contrast to the reaction with hydroxylamine, the reaction of phenyl- 
alanine with CoA is, at best, sluggish. In the presence of very high con- 
centrations of phenylalanine and ATP, the disappearance of the sulfhy- 
dryl group of CoA is less than one-tenth as rapid as with octanoate. Since 
Stewart and Wieland found that synthetic amino acid-CoA thio esters 
were hydrolyzed by crude liver homogenates (18), it appeared possible 
that phenylalanyl CoA was being formed and then rapidly split. If this 
were the case, PP should be released on incubation of phenylalanine, ATP, 
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and CoA, and, in the presence of CoA and low concentrations of hydroxy]. 
amine, it should be possible to trap phenylalanyl CoA as the hydroxamic 
acid. However, little PP or hydroxamic acid was found under these cop. 
ditions (Table VI). 

No PP formation was found with alanine, leucine, tyrosine, tryptophan, 
lysine, methionine, valine, or histidine. 

Reactions of Acyl AMP Compounds—Dissociation of the activation rea. 
tion into two steps may further be demonstrated with acyl AMP con- 
pounds as also reported by Talbert ef al. (19) and Lee Peng (20). Hex. 
anoyl AMP is rapidly converted to acyl CoA, as measured by sulfhydry! 
disappearance, and acety] AMP is active as an acyl group donor to CoA 
at about half the rate of hexanoy] AMP (Table VII). 

As shown in Table VIII, if PP but not CoA is added, there is a disap. 


TaBLe VII 
Enzymatic Acylation of CoA with Acyl Adenylates 


CoASH disappearance 
Additions 
Enzymatic Non-enzymatic 
pmole umole 
1 umole acetyl AMP... .. 0.040 0 


The reaction mixture contained 0.056 mg. of enzyme (activity 5.6 units per mg.), 
0.17 umole of CoA, 2 umoles of MgCl., 1 umole of EDTA, 20 umoles of Tris, pH 8.0, 
and additions as indicated in a volume of 0.2 ml. Incubated 15 minutes at 37°. 


pearance of hexanoy! AMP and PP accompanied by the formation of ad- 
enine nucleotides containing acid-labile phosphate. The rate is comparable 
to the rate of PP formation under standard assay conditions. Acetyl AMP 
also reacts with PP, although at a slower rate. Paper electrophoresis in 
acetate buffer, pH 3.6, of the reaction products from similar experiments 
showed ultraviolet-quenching substances with mobilities in approximately 
the ratio 3:2:1, corresponding to ATP, ADP, and AMP, respectively. In 
phosphate buffer, pH 6.8, there is an additional spot with a mobility half 
that of AMP, corresponding to the remaining acyl AMP. The formation 
of ADP may be attributed to myokinase. 

Attempts to detect a net formation of acyl AMP from ATP and fatty 
acids either by paper electrophoresis of the reaction products or by the 
formation of hydroxylamine-reacting material have been uniformly nega- 
tive. In one experiment, the reaction was carried out in the absence of 
hydroxylamine with 35,000 c.p.m. of C-labeled ATP. Carrier-hexanoy]! 
AMP was added at the end of the experiment, isolated by chromatography, 
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and counted. Less than 0.05 per cent of the counts in the ATP was found 
in the hexanoyl AMP. The observation that with a high concentration 
of acetate PP was formed in the absence of hydroxylamine suggested that 
acetyl AMP might be formed and then hydrolyzed, so that with C-labeled 
ATP it might be possible to trap radioactive acetyl AMP in a pool of un- 
labeled carrier-acety! AMP. An experiment carried out to test for such 
a trapping was negative. However, it was subsequently found that the 
presence of acetyl AMP appeared to inhibit the reaction of ATP and ace- 


VIII 
ATP Formation from Acyl AMP and PP 
PP taken up 
4 Acyl AMP A PP into adenine 
nucleotides 
pmoles pmoles pmoles 
A. Hexanoyl AMP, 16 umoles per 1.25 ml. 
No enzyme —1.0 0 0 
—4.2 
Complete —6.7 —2.3 2.5 
B. Acetyl AMP, 5.4 umoles per 1.0 ml. 
No enzyme —0.2 
Complete —3.5 —1.1 1.1 


A. The reaction mixture contained 0.9 mg. of an enzyme preparation (activity 
5.6 units per mg.) which had been dialyzed at 0° against 0.15 m KCl with 10-* m 
EDTA for 4 hours, 16 umoles of hexanoyl AMP, 9 umoles of PP, 10 ymoles of MgCl., 
50 umoles of NaF, and 100 umoles of Tris, pH 8.0, in a volume of 1.25 ml. B. 0.6 
mg. of enzyme (activity 6.3 units per mg.) dialyzed as above, 5.4 uwmoles of acetyl 
AMP, 3 umoles of PP, 7 umoles of MgCl:, 40 wmoles of NaF, and 50 umoles of Tris, 
pH 8.0, in a volume of 1.0 ml. Incubated 30 minutes at 37°. At the end of the ex- 
periments adenine nucleotides were adsorbed on charcoal, washed with 0.1 M ace- 
tate buffer, pH 4.7, and analyzed for acid-labile phosphate. 


tate to form PP, since, upon incubation of ATP and acetate with enzyme 
and added crystalline pyrophosphatase, no inorganic phosphate was formed 
in the presence of acetyl] AMP. 

Effect of Sulfhydryl Reagents—Previous incubation of the enzyme with 
10-* m N-ethyl maleimide results in the loss of 75 to 85 per cent of activity 
for both PP formation with hydroxylamine and for acylation of CoA with 
hexanoyl] AMP (Table IX). With some enzyme preparations 90 to 100 
per cent inhibition was observed. 10-‘m ATP or hexanoyl AMP in the 
incubation mixture protects both the PP and acyl CoA-forming activities, 
while AMP, PP, or hexanoate at this concentration gives little or no pro- 
tection. The similar response of both reactions to inhibitor and protection 
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by substrates suggests that they are both catalyzed by the same enzyme, 
ATP and higher concentrations of octanoate (0.01 m) also protect against 


TABLE IX 
Inhibition by N-Ethyl Maleimide and Iodoacetate 
Per cent activity 
Inhibitor te Hydroxylamine reaction A cyl AMP. CoA 
iPP formation|Hydroxamate disappearance 
A. None None 100 100 100 
N-Ethy] maleimide 
m 14 15 25 
10-3 ‘‘ 10-* m ATP 64 67 71 
10-3 10-* hexanoyl AM 60 65 61 
10-3 10-4 ‘‘ AMP 20 18 34 
10-3 PP 8 7 21 
10-3 10-4 hexanoate 26 18 33 
B. None None 100 100 
Iodoacetate 
3 X 10°? M 47 40 
3 X 1073 2X 10-*m ATP 127 127 
3 X 10-3 2 X 10~* octanoate 53 47 
3 X 10-3 10-2 m octanoate 113 113 


A. Enzyme (activity 5.6 units per mg.) treated with 15 mg. per ml. of charcoal and 
then incubated with 100 umoles of Tris, pH 8.0, 10 umoles of MgCls, 40 umoles of 
NaF, 2 uymoles of EDTA, and the indicated additions in a volume of 0.5 ml. for 5 
minutes at 37°. 10 wmoles of KBH, were added and incubation continued for a 
further 3 minutes to destroy the N-ethyl maleimide. Hydroxylamine reaction 
assay: 0.38 mg. of enzyme, 10 wmoles of ATP, 5 umoles of GSH, 8 umoles of MgCl, 
32 wmoles of NaF, 1.6 wmoles of EDTA, and 80 uwmoles of Tris, pH 8.0, in a volume of 
1.0 ml. Incubated 33 minutes at 37°. Acyl AMP-CoA reaction assay: 0.047 mg. of 
enzyme, 0.2 umole of CoA, 1 umole of hexanoyl AMP, 1 wmole of MgCl, 4 wmoles of 
NaF, 0.2 umole of EDTA, and 20 umoles of Tris, pH 8.0, in a volume of 0.21 ml. In- 
cubated 15 minutes at 37°. B. 0.39 mg. of enzyme incubated with 100 umoles of 
Tris, pH 8.0, 7 umoles of MgCl2, and 40 uzmoles of NaF in 0.55 ml. for 15 minutes at 
37°. 5 ymoles of octanoate, 5 umoles of ATP, 200 of NH:OH, and 10 umoles 
of GSH to make 1.0 ml. were added and the mixture incubated 60 minutes at 37°. 


iodoacetate inactivation, but 2 X 10-4 M octanoate gives no protection. 
Activity is completely inhibited by 10-4 m p-chloromercuribenzoate and 
is restored to 80 per cent of the control by glutathione. 

Under the conditions of the routine assay, the activity of some enzyme 
preparations was stimulated up to 50 per cent by glutathione, while other 
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preparations had maximal activity in the absence of added sulfhydryl com- 
unds. 
oe of Radioactive PP with ATP—Purified enzyme preparations 
catalyze an incorporation of P*-labeled PP into ATP in the absence of a 
net change in the concentration of these substrates at a rate comparable to 
that of the over-all reaction (Table X). The rate of exchange is considera- 
ble without addition, but is increased by the addition of 10-* m octanoate 
and reaches a maximum at 10-° m; higher concentrations are inhibitory. 


TABLE X 
Incorporation of PP** into ATP 
Octanoate added PP exchange* 
per cent pmoles per hr. 


The reaction mixture contained 0.3 ml. of an enzyme solution (activity 6.3 units 
per mg.) originally 1.5 mg. per ml., which had been treated for 10 minutes with 15 
mg. per ml. of Norit A and for 10 minutes with 0.5 volume of Dowex 1 chloride, 3 
umoles of PP*? with 12,000 c.p.m., 3 wmoles of ATP, 100 umoles of Tris, pH 8.1, 7 
umoles of MgCl2, 40 uzmoles of NaF, and 4 uzmoles of H.S in a volume of 1.0 ml. In- 
cubated 60 minutes at 37°. ATP adsorbed on charcoal, washed, and hydrolyzed 
with 2 Nn HCl before counting. 

*Per cent exchange = (specific activity of ATP observed/specific activity of 
ATP at complete exchange) X 100. Micromoles calculated by the method of Duf- 
field and Calvin (21). 


The enzyme used in this experiment had been treated with charcoal and 
with Dowex 1 chloride. If hydroxylamine (1.2 M) is added to this system, 
70 per cent of the exchange without addition persists, but the stimulation 
by addition of octanoate is abolished. 

The exchange is inhibited by iodoacetate to the same extent as the PP- 
liberating reaction, and this inhibition is also completely prevented by 
10-*m ATP. 

Similar experiments with labeled AMP showed only a slow rate of in- 
corporation into ATP. This is due apparently to myokinase because it 
was stable to a treatment of the enzyme with acid which inactivated fatty 
acid activation but not myokinase. 
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DISCUSSION 


Observations on a reaction between acylate and ATP in the absence of 
CoA gave the first tangible indication for a diphasic activation process, 
Our observations agree well with the mechanism now proposed, although 
a problem still remains since it has not been possible to produce acy] ad- 
enylate as a dissociable intermediary in the forward reaction. Hydroxyl. 
amine in low concentration may have a loosening effect on the primary 
intermediary to make it susceptible to deacylation, apparently due to a 
contaminating enzyme. It is, however, not readily explained why that, 
only in the case of the higher fatty acids, a small amount of hydroxylamine 
appears necessary for cycling but is not required with acetate and propi- 
onate. With low concentrations of hydroxylamine a compound seems to 
accumulate which forms hydroxamic acid only upon reacting with more 
hydroxylamine. This might be taken as an indication for a greater com- 
plexity of the hydroxylamine-trapping reaction than had been anticipated, 
possibly involving a two-step reaction. 

The reactivity of phenylalanine with the acyl-activating enzyme is some- 
what unexpected, although in line with the earlier reported reactivity of 
benzoic and phenylacetic acid with such enzymes (8). It is remarkable 
that, in the case of phenylalanine, the initial step occurs much more readily 
than the transfer to CoA, which it is rather difficult to show convincingly. 

In spite of the obvious diphasic nature of the activation process, no indi- 
cation for a splitting of the reaction into two enzyme systems was obtained. 
The two steps, therefore, probably occur on the same enzyme protein. 
From our present evidence, it does not appear profitable to discuss further 
the finer mechanisms of the over-all transfer reaction at this time. It 
might be mentioned, however, that experiments to be reported in a separate 
publication have shown that acy] adenylate is in reversible non-enzymatic 
equilibrium with acyl imidazole, which would put the energy level of the 
acyl adenylate several kilocalories above that of ATP. A tight binding 
of acyl adenylate to the enzyme may be needed to help displace the terminal 
pyrophosphate in ATP by acylate. 


SUMMARY 


1. A fatty acid-activating enzyme preparation from hog liver particles 
is described which in the absence of added coenzyme A (CoA) catalyzes 
the formation of inorganic pyrophosphate (PP), adenosine monophosphate 
(AMP), and hydroxamic acid from adenosine triphosphate (ATP), fatty 
acid, hydroxylamine, and Mg++. With low concentrations of hydroxyla- 
mine, several times more PP than hydroxamic acid is formed. 

2. At low substrate concentrations the enzyme is specific for fatty acids 
with 4 to 12 carbon atoms; however, at higher concentrations acetate and 
phenylalanine also are activated. 
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3. In the presence of acyl AMP, the enzyme catalyzes the formation of 


ATP on the addition of PP or of acyl CoA on the addition of CoA. Acyl 
AMP is rapidly hydrolyzed by the preparation, probably owing to a con- 
taminating deacylase. 


4, Incorporation of radioactive pyrophosphate (PP) into ATP is stim- 


ulated by m octanoate. 


5. Enzyme activity is inhibited by N-ethyl maleimide, iodoacetate, and 


p-chloromercuribenzoate. N-Ethyl maleimide inactivation of both the 
hydroxylamine-requiring and hexanoyl AMP to CoA reactions is prevented 
by 10-* m ATP or hexanoyl AMP. 


SH 
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EFFECTS OF INSULIN ON BLOOD GLUCOSE ENTRY AND 
REMOVAL RATES IN NORMAL DOGS* 
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GEORGE A. REICHARD,{ ann SIDNEY WEINHOUSE 


(From the Lankenau Hospital Research Institute and The Institute for Cancer 
Research, the Department of Chemistry, Temple University, and the Smith, 
Kline and French Laboratories, Philadelphia, Pennsylvania) 


(Received for publication, August 6, 1956) 


Despite considerable efforts over many years, the sites and mechanisms 
of insulin action remain uncertain. Although almost every conceivable 
step in glucose catabolism has been implicated, from its initial entry into 
the cell to its terminal stages of oxidation, it has not yet been established 
which of these so called insulin effects are primary or secondary, or how 
closely they are related to the physiological functions of the hormone 
(1-4). 

The most immediate and consistent known effect of insulin is the lower- 
ing of the blood sugar of the intact animal. The blood sugar of the post- 
absorptive animal is maintained constant by a balance between entry! of 
new glucose molecules, presumably from the liver, and removal! by periph- 
eral tissues. When insulin lowers the blood sugar, it must do so either by 
stimulating removal of glucose or inhibiting its entry, or by doing both. 
At the time the present study was undertaken, no decisive information was 
available to indicate how much of the hypoglycemic action of insulin was 
due to either of these possible actions. In the present report we wish to 
describe experiments which clearly show that insulin exerts its hypogly- 
cemic action both by inhibiting the entry of new glucose molecules into 
the blood and by accelerating their removal. 

* Aided by grants from the National Cancer Institute, National Institutes of 
Health, the United States Atomic Energy Commission, contract No. AT(30-1)777, and 
the American Cancer Society, recommended by the Committee on Growth of the Na- 
tional Research Council. The technical assistance of Mr. Andrew Polk and Mr. Ed- 
ward Goodman is gratefully acknowledged. 

t Present address, Sloan-Kettering Institute for Cancer Research, New York. 

t This work will be included in a thesis to be presented by George A. Reichard to 
the Graduate Council of Temple University in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy. 

1The term ‘‘entry,” as used in this paper, refers to the introduction of newly syn- 
thesized glucose molecules into the blood stream or such extracellular fluids as are in 
rapid equilibrium therewith. No commitment is made regarding the source, but the 
assumption is made that the liver is essentially the only organ which contributes glu- 
cose to the blood. The term “removal” refers to the glucose disappearing from the 
blood, again without commitment concerning the organs involved. 
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The procedure used represents an extension of a familiar isotope tracer 
technique employed previously for studies of glucose ‘‘turnover”’ in norma] 
diabetic, and adrenalectomized rats (5-7), in normal and diabetic dogs 
(8, 9), and in normal and diabetic humans (10, 11). A ‘‘trace” dose of 
uniformly C'*-labeled glucose is injected and blood samples are removed at 
intervals for determination of blood sugar content and specific activity, 
The initial dilution of specific activity allows the calculation of the glucoge 
pool size, and the logarithmic drop in specific activity, with time, allows 
the calculation of turnover rate from the first order reaction rate 


R = 2.3(b/t) log to/it (1) 


where R = the turnover rate; b = the glucose level; and 7 and 7; = the 
initial and final specific activities of glucose. 

The departure from this conventional procedure in the present study 
consists in administering insulin after sufficient samples have been col- 
lected to calculate the turnover rate. It is well established that insulin 
injection will result in a rapid fall in the blood sugar level, followed by a 
variable hypoglycemic period and a slow rise to normal. If the initial fal] 
in blood sugar arises primarily from an acceleration of removal, the specific 
activity will continue to fall as rapidly as before; however, if the drop is 
due in some part to an inhibition of entry, the specific activity will fall less 
rapidly, since the blood glucose will be more slowly diluted by new, un- 
labeled molecules. It was felt that this simple procedure could give a 
clear cut indication of the 7mmediate action of insulin before it would be 
obscured by countereffects of other hormones. One requires only the rea- 
sonable assumption that any new glucose molecules entering the blood will 
be predominantly unlabeled.” 

The principle of this procedure has already been applied by Searle and 
Chaikoff (12) in establishing that entry of glucose into the blood of normal 
dogs is completely inhibited during hyperglycemia. 

The data obtained in such experiments are also amenable to quantita- 
tive evaluation. When the blood sugar is constant, rates of entry and re- 
moval are equal, and can be calculated from the fall in specific activity by 
using Equation 1. When the blood sugar level is changing, as during hypo- 
glycemia, the rates of entry and removal will be different; under these cir- 


2 It is felt that this assumption is a reasonable one. We have consistently observed 
a strictly linear drop in the logarithm of the specific activity of the blood glucose in 
the fasting dog, indicating a constant entry of unlabeled glucose. It is conceivable 
that some of the labeled glucose which disappears may be converted to glycogen and 
may subsequently reenter the blood. However, glycogen storage in the fasting animal 
would not be expected, and, even if this did occur, it seems likely that insulin would 
enhance rather than reverse this process. 
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cumstances another set of equations, Equations 2 and 3, can be used, 


(By B,) log 
t log Bo/B; 


= (2) 


R, = (Bo — Bi) + Ri (3) 


where R; is the rate of entry, R2 is the rate of removal, Bo is the initial 
glucose level, B, is the level at time ¢, and 7 and 2; are the initial and final 
specific activities. These equations were originally applied to the calcula- 
tion of ketone body ‘‘turnover”’ rates in tissue slices (13, 14). It was antic- 
ipated that these equations would be used for calculation of blood glucose 
entry and removal rates during the initial stages of insulin hypoglycemia 
when the level is changing rapidly. As it happened, during this initial 
hypoglycemia the entry rate, 21, was zero, thus obviating the necessity for 
using these equations. However, they were applied in calculating turn- 
over during the later stages of hypoglycemia and during recovery, so as to 
obtain a complete picture of entry and removal throughout the duration 
of hypoglycemia. 

While this work was in progress, two somewhat similar investigations 
were published. Wrenshall (15) developed a method of computing rates 
of transfer of components in and out of a central body compartment such 
as the blood, and has applied this to a study of the action of insulin on blood 
glucose transfer in the depancreatized dog (16). With use of a method in- 
volving continuous intravenous infusion of glucose-C™, Wall et al. (17) re- 
ported on the effects of insulin and other hormones on turnover rates of 
blood glucose in dogs. 


Methods’ 


An initial 2 ml. blood sample was obtained from one of the external jugu- 
lar veins, and a trace dose of uniformly labeled C'-glucose, representing 
approximately 1.5 to 2.0 per cent of the total body pool, was injected. 
Blood samples of 2 ml. each were collected at approximately 15 minute 
intervals for 45 to 60 minutes from the time of labeled glucose administra- 
tion. This represented the control period for each dog. At this time, 3 
to 10 units of insulin were injected and blood samples were obtained at 5 
to 10 minute intervals for the Ist hour and at 20 to 30 minute intervals 
thereafter for a total of approximately 4 hours. Usually sixteen to twenty 


* This procedure was originally applied to rabbits (18). To obtain sufficient blood 
at frequent intervals, it was necessary to anesthetize the animals and cannulate a fem- 
oral vein. Because of the hyperglycemic effects of the Nembutal used for anesthesia, 
the results were often obscured by pronounced rises in the blood sugar prior to insulin 
injection. In the successful experiments, however, exactly the same pattern of re- 
sponse was obtained as is reported in the present experiments with unanesthetized dogs. 
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samples were collected. The animals were accustomed to experiments of 
this type and at no time offered any resistance to venipuncture. 

the length of the experiments the dogs were not restrained but were allowed 
to move about freely within the confines of a large hood, with access to 
water. 

The blood samples were deproteinized by the method of Somogyi (19), 
and 1 to 2 ml. aliquots of the resulting protein-free filtrates were analyzed 
in duplicate for glucose by the anthrone method (20). The remainder of 
the filtrate was used for radioactivity assay. 

Radioactivity Assay—The isolation of glucose carbon is based on the 
action of periodic acid on glucose to yield 5 molecules of formic acid and 
1 of formaldehyde (21). The formic acid is oxidized to carbon dioxide by 
the specific action of mercuric ions in acid solution, and is recovered and 
counted as BaCO;. The formaldehyde may be precipitated with dimedon 
(22) and counted as formaldemethone. The stoichiometric nature of the 
reaction was established by quantitative recoveries of formic acid and form- 
aldehyde from standard glucose solutions, and the absence of appreciable 
quantities of interfering substances in the blood filtrates was established. 

In the earlier experiments with rabbits (18), carbon 6 was obtained and 
assayed separately as formaldemethone. Since it invariably had the same 
activity as the formic acid derived from carbons 1 to 5, this step was 
omitted in subsequent experiments. However, both procedures are de- 
scribed. 

Reagents— 

1. Periodic acid. 7 gm. of H;IO¢ (obtained from the G. Frederick 
Smith Chemical Company, Columbus, Ohio) are dissolved in water and 
made up to 100 ml. 

2. Standard glucose solution. Exactly 1.0 gm. of anhydrous glucose is 
dissolved in water and made up to 100 ml. 

. Sodium bicarbonate, 1 M. 

. Hydrochloric acid, 1 m. 

. Sodium arsenite, 1.2 m. 

. Sodium acetate, 1 Mo. 

. Dimedon, 80 mg. per ml. of 95 per cent ethanol. 

. Mercuric sulfate solution, 10 per cent. 73 gm. of red mercuric oxide 
are dissolved in 1 liter of 4 N sulfuric acid. 

9. Sulfuric acid, 50 per cent by volume. 

10. Sodium hydroxide, 0.5 m CO--free. 

Oxidation of Glucose—5 ml. of the protein-free blood filtrate, represent- 
ing 0.5 ml. of blood containing up to 100 umoles of glucose, in a 125 ml. 
Erlenmeyer flask are mixed with 1 ml. of the standard glucose solution 
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containing 10 mg. per ml. 2 ml. of 7 per cent periodic acid solution and 
2 ml. of 1 m NaHCQ; solution are added, and the contents of the flask are 
mixed thoroughly and allowed to stand at room temperature for at least 1 
hour. Excess periodate is then destroyed by addition of 3 ml. of 1 m 
HCl, followed by 2 ml. of 1.2 m sodium arsenite solution. The reaction 
mixture is then allowed to stand at room temperature until the precipitate 
and yellow color disappear. 

Precipitation of Formaldehyde with Dimedon (Optional)—To the contents 
of the reaction flask are added 2 ml. of 1 m Na acetate solution and 1 ml. 
of dimedon solution. The flask is heated in a boiling water bath for 10 
minutes, then allowed to stand at room temperature for 1 hour. The 
dimedon precipitate is then filtered, weighed, and counted as such. The 
product may be recrystallized by dissolving in a small amount (approxi- 
mately 5 ml.) of acetone and reprecipitated by addition of water (m.p., 
189-190°). 

Oxidation of Formate—(If carbon 6 is not to be obtained as formalde- 
methone, this part is conducted directly on the periodate reaction mixture.) 
The apparatus used is similar to that described for oxidation of labeled 
compounds by persulfate (23). The contents of the reaction flask are 
washed into the persulfate flask, the volume is made up to 30 ml., and 2 
ml. of 50 per cent H2SO, are added. The apparatus is assembled as shown 
by Calvin et al. (23), and aeration with CO+-free air is carried out for 10 
minutes to insure removal of COs. This is done by application of suction 
at the top of the bead tower. 10 ml. of 0.5 m COv.-free NaOH are then 
added to the Erlenmeyer flask attached as shown, below the bead tower, 
and 15 ml. of 10 per cent HgSO, are added to the formate solution. Air 
is then drawn through the flask and bead tower for 30 minutes while the 
solution is heated to boiling and allowed to reflux. The Erlenmeyer flask 
is disengaged, and the trapped CO, in the bead tower is washed down into 
the flask with three 10 ml. portions of hot CO.-free water. The carbonate 
is precipitated therefrom by addition of 3 ml. of 20 per cent BaCl. solution, 
and counted by conventional procedures with a thin window Geiger tube. 
In the experiments reported here, all radioactivity measurements have been 
corrected for self-absorption to a layer of infinite thickness, and for the 
added carrier glucose, and are expressed as counts per minute per standard 
dish of 7.5 sq. em. area. The values reported are averages of duplicate 
determinations which agree within 10 per cent. 

The uniformly C-labeled glucose was obtained from the Nuclear In- 
strument and Chemical Corporation upon allocation by the United States 
Atomic Energy Commission. The insulin, free from hyperglycemic factor, 
was obtained through the kindness of Eli Lilly and Company. 
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Results 


Fig. 1 shows the results of a typical experiment. 55 mg. (101 yc.) of 
glucose, with a specific activity of 1.1 X 10° c.p.m., were injected into g 
male dog weighing 11.7 kilos. During the 30 minutes between injections 
of glucose and insulin, the blood sugar remained relatively constant be. 
tween 118 and 127 mg. per 100 ml., while the specific activity fell from ay 
extrapolated initial value of 12,300 to 8600 c.p.m. From the dilution of 
glucose specific activity, the glucose pool size is estimated to be 1,100. 
000 X 55/12,300 = 4940 mg. From the average glucose concentration of 
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Fic. 1. Time-course of blood glucose concentration; blood sugar level, broken line, 
right ordinate; and specific activity, solid line, left ordinate, plotted on a logarithmic 
scale. The male dog (No. 74), weighing 11.7 kilos, was given 10 units of insulin 30 
minutes after the dose of labeled glucose. The time of insulin administration is 
shown by the arrow. 


122 mg. per 100 ml., we can calculate a glucose space of 4940/1.22 = 4030 
ml., which is 4030/11,700 = 34 per cent of the body weight. From the 
drop in specific activity, the glucose turnover rate was calculated, from 
Equation 1, to be 1.4 mg. per 100 ml. per minute, or 4.8 mg. per kilo per 
minute. These values are in the range reported previously by other in- 
vestigators (8, 9, 16). 

Upon administration of 10 units of insulin, the blood sugar fell promptly. 
In 9 minutes it had dropped to 92 mg. per 100 ml., and in 20 minutes it 
reached the minimum of 64 mg. per 100 ml. During this period of max- 
mal blood sugar removal there was essentially no change in the specific 
activity of the blood glucose; this indicates that glucose was not entering 
the blood. 
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At the time coinciding with the “‘leveling off” of the blood sugar content, 
the specific activity resumed its downward trend, and while the blood sugar 
gradually rose to the normal level, its specific activity continued to drop, 
but at a gradually reduced rate. 
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Fic. 2. Time-course of blood glucose entry and removal rates as affected by in- 
sulin administration. Entry rate, Rj, solid line; removal rate, R:, broken line. The 
values are given in mg. per 100 ml. per minute. A, Experiment 1, shown in Fig. 1; 
B, Experiment 3, shown in Fig. 4; and C, Experiment 2, shown in Fig. 3. 


Since glucose was not entering the blood during the initial hypoglycemia, 
we can calculate very simply the effect of insulin on glucose removal, from 
the rate of drop in blood sugar level. During the first 15 minutes of hypo- 
glycemia, the blood sugar dropped from 118 to 73 mg. per cent, represent- 
ing an average rate of removal of 3 mg. per 100 ml. per minute or 11.1 mg. 
per kilo per minute. This is almost 3 times the original turnover rate be- 
lore injection of insulin. The resumption of a downward trend in the 
specific activity of the blood glucose indicates that, after the initial phase 
of hypoglycemia, glucose again enters the blood, and this is reflected in a 
decrease in the rate at which the blood sugar is falling. During the next 
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5 minutes, in which the blood sugar fell from 73 to 55 mg. per 100 mi. 
average rates of entry and removal were calculated from Equations 2 and 
3. During the period of relative constancy in level, between 50 and 10; 
minutes, the blood sugar was assumed to be constant at the average value 
of 60 mg. per 100 ml., and ‘‘turnover” was calculated from Equation 1. 
During the recovery phase, from 105 to 180 minutes, Equations 2 and 3 
were again used. The rates thus calculated are presented graphically jn 
Fig. 2, A. Though they are regarded as only rough approximations, they 
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Fic. 3. Time-course of blood glucose concentration; blood sugar level, broken 
line, right ordinate; and specific activity, solid line, left ordinate. This female dog 
(No. 81), weighing 11.0 kilos, was given 10 units of insulin 75 minutes after glucose 
administration (denoted by arrow). The glucose pool was estimated at 4170 mg. 
and the glucose space at 3470 ml. 


provide a clear insight into the immediate effects of insulin. The most 
pronounced effect is the rise in removal to twice the original rate. After 
10 minutes it reached 3 times the original rate, but in 15 minutes it was 
back to the initial value and remained essentially constant throughout the 
hypoglycemia and recovery periods. The other immediate response was 
the complete inhibition of glucose output. This was reversed after 15 
minutes and reached essentially the initial value after 20 minutes, at which 
it remained throughout the hypoglycemic interval. During the recovery 
period the entry rate was slightly higher than the removal rate; this small 
difference accounts for the gradual rise to normal glucose level between 
105 and 180 minutes. 

The data on a similar experiment with a female dog of similar weight are 
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given in Fig. 3 and Fig. 2,C. Essentially the same picture appeared. In 
this experiment, the postabsorptive blood sugar dropped somewhat during 
the preinsulin period, resulting in slight separation of the entry and re- 
moval rates, as shown in Fig. 2, C. Again, when insulin was given, the 
two rates separated widely; as the entry dropped to zero, the removal more 
than doubled, then quadrupled its original rate. In 20 minutes, both rates 
had converged to their original values, at which they remained during the 
rest of the hypoglycemic and recovery periods. 
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Fic. 4. Same experiment as in Fig. 3, with the same dog, weighing 11.8 kilos, ex- 


cept that 3 units of insulin were administered 60 minutes after glucose administra- 
tion. 


In the same dog, an experiment was performed with a much smaller dose 
of insulin; 7.e., 3 instead of 10 units. Here, the drop in blood sugar was 
not so great and the recovery was much more rapid (see Fig. 4 and Fig. 
2, B); however, the specific activity behavior was quite similar. Again, a 
plateau appeared, following which the specific activity dropped rapidly 
during the hypoglycemia and recovery, then continued to drop at a lower 
rate during the period of blood sugar constancy after recovery. As shown 
in Fig. 2, B, the rates of entry and removal were at 1.1 mg. per 100 ml. be- 
fore insulin; upon insulin injection, the removal rate approximately dou- 
bled, remained high for 25 minutes, then fell to about the initial value. 
Meanwhile, the entry rate fell to zero for 10 minutes, then gradually rose 
to more than twice the normal rate during the recovery phase, and finally 
leveled off at near the initial rate. 
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DISCUSSION 


Using the technique of hepatic venous catheterization in normal and 
diabetic humans, Bearn, Billing, and Sherlock (24) found that insulip 
injection caused an immediate drop in the hepatic glucose output. The 
present results are in complete accord with these findings. While the work 
reported here was in progress, two other studies on glucose turnover in 
dogs appeared, which are essentially in agreement with our findings, and 
which also confirm and amplify the conclusions of Bearn et al. (24). 

Henderson et al. (16), in experiments similar to those reported here, 
found that the depancreatized dog responded to insulin injection by mark. 
edly increasing its disappearance rate of plasma glucose, from about 5 
mg. per kilo per minute to about 12 mg. per kilo per minute. At the same 
time there was a diminution of glucose output which, however, in contrast 
with our results on normal dogs and with those of Bearn e¢ al. in diabetic 
humans (24), was of minor magnitude and developed more slowly. Ina 
report available in abstract form, Wall et al. (17) calculated plasma glucose 
inflow and outflow rates in dogs, using continuous intravenous infusion of 
glucose-C™. They found, as we did, that insulin administration resulted 
in an initial decrease of inflow, but that the hypoglycemic response was 
primarily owing to increased outflow. 

These isotope tracer studies, which clearly indicate an action of insulin 
in inhibiting hepatic glucose output, may be added to a growing body of 
information which is making it increasingly obvious that a major action 
of insulin is exerted on the liver. It is already well recognized, as a result 
of hepatic venous catheterization, that net hepatic glucose output is dimin- 
ished during hyperglycemia in dogs (25, 26) and in man (27, 28). In sub- 
sequent studies on glucose turnover in normal dogs with C"™ labeling, 
Searle and Chaikoff (12) strikingly demonstrated that entry of glucose into 
the blood is completely inhibited during hyperglycemia. ‘This observation 
has been confirmed in numerous as yet unpublished experiments from our 
laboratory. 

On the other hand, the diabetic animal secretes glucose into the blood- 
stream during hyperglycemia. Despite the difference in blood glucose 
levels, the net hepatic glucose output in diabetic humans (28-30) and in 
depancreatized dogs (26) is at least as high as in the normal counterparts. 
In glucose turnover studies, using C™ labeling, Searle et al. (8) and Feller 
et al. (9) found glucose turnover in depancreatized dogs to be somewhat 
higher than in normal ones, indicating a higher hepatic glucose output; 
similar observations were made in rats by Feller et al. (5) and Welt et al. 
(6). Henderson et al. (16) also reported values for glucose turnover in de- 
pancreatized dogs similar in magnitude to those reported in these previous 
studies and in the same range observed by us in the present study. 
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The fact that the diabetic animal adds glucose to the blood at hyper- 
glycemic levels has long been recognized by Soskin and Levine ((1) p. 277) 
and is the keystone of their “overproduction theory” of diabetes. It ap- 

rs to us that our present observations, taken in conjunction with those 
of Bearn et al. (24), Wall et al. (17), and Henderson et al. (16), confirm and 
extend these earlier findings by demonstrating that insulin does in fact act 
immediately to inhibit glucose production by liver. Since insulin exerts 
this action in both hyperglycemic and hypoglycemic states, it seems rea- 
sonable to assume that the diabetic hyperglycemia is, in part at least, di- 
rectly due to inability of the animal lacking insulin to control hepatic glu- 
cose Output. 

It is interesting that the present study, as well as those of Henderson 
et al. (16) and Wall et al. (17), also confirms what has hitherto been re- 
garded as an opposing theory of insulin action; namely, that it increases 
glucose utilization. The obvious answer seems to be that insulin does 
both. At present it is not entirely certain what are the relative roles of 
liver and peripheral tissues in the insulin-stimulated glucose utilization. 
Though classically the primary action has been assumed to be on the periph- 
ery, the recent reports by de Duve and his associates (31, 32) leave no 
doubt that the liver plays a major role in glucose utilization by the hyper- 
insulinized dog. Bearn et al. (24) also observed, under certain circum- 
stances, removal of glucose by liver under insulin action in humans. Thus, 
in at least one tissue, liver, insulin appears to cause an actual reversal in 
glucose flow. 

An action of insulin in increasing the utilization of glucose by liver is 
becoming increasingly evident also from studies in vitro. The marked 
impairment of lipogenesis from glucose or its intermediary metabolites, 
such as lactate or acetate, in liver slices of the alloxan-diabetic rat, and its 
restoration by pretreatment of the animals with insulin (33-35), pointed to 
a role of glucose catabolism in fatty acid synthesis. Although a primary 
role of insulin was discounted, because of the necessity of pretreating for 
24 hours or longer in order to observe this effect, Haft and Miller (36) re- 
cently reported an immediate effect of insulin on lipogenesis in the per- 
fused rat liver. More recently, Berthet et al. (37) clearly established an 
enhancement of glycogen formation from glucose-C™ in rabbit liver slices 
by direct addition of insulin in vitro. 

At present no information is available to indicate precisely how insulin 
regulates the flow of glucose in and out of cells. It is becoming increas- 
ingly evident, from recent studies of Levine and Goldstein (3) and Park 
(38), that insulin accelerates the entry of sugars into cells; the studies 
of Stadie (4) suggest that this occurs by way of a fixation of insulin to the 
cellmembrane. The present study, in the light of the foregoing discussion, 


) 


236 EFFECTS OF INSULIN ON BLOOD GLUCOSE 


suggests that such a combination of insulin with the cell membrane might 
also prevent the flow of glucose out of cells. Such a dual action of ingylip 
at its site of binding to the cell membrane does not appear unreasonable, 
and would go far toward reconciling experimental data and theories hitherto 
regarded as controversial. 


SUMMARY 


An isotope tracer procedure was applied to determine how much of the 
hypoglycemic action of insulin is due to inhibition of entry and how much 
to stimulation of removal of blood glucose. Unanesthetized, fasting dogs 
were given a trace dose of glucose-C™. Blood samples were then removed 
at frequent intervals before and after intravenous administration of insulin, 
and were assayed for glucose content and specific activity. Before insulin 
injection, the glucose level remained constant and its specific activity fell 
logarithmically, indicating a constant “turnover” of from 2 to 5 mg, per 
kilo per minute. Immediately after insulin, the specific activity reached a 
plateau and remained constant throughout the initial hypoglycemic phase 
lasting 10 to 20 minutes. As the blood sugar leveled and slowly rose, the 
specific activity resumed the downward trend. From one-fourth to one- 
half of the total drop in blood sugar was estimated to be due to inhibition 
of entry and the remainder to increased removal. It is suggested that the 
immediate inhibition of blood glucose entry and acceleration of removal 
may arise from a dual action of insulin, bound to the cell surface, in favor- 
ing the inward and preventing the outward flow of the sugar. 
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THE COLORIMETRIC MICRODETERMINATION OF 
CORTICOIDS BY USE OF 4,7-DIPHENYL-1,10- 
PHENANTHROLINE 
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(Received for publication, May 18, 1956) 


With the rapid development of information concerning the isolation, 
identification, and physiological levels of corticosteroids, a relatively simple 
microchemical method for their quantitative estimation appears to be de- 
sirable. 

Since the known biologically active adrenal cortical hormones contain a 
primary a-ketol function, an a,f-unsaturated 3-ketone group, or both, 
several methods based upon the reducing capacity of the cortical hormones 
have been proposed for their quantitative analysis. Thus, in 1945, Tal- 
bot et al. (1) used the reduction of cupric ion, in 1946 Heard and Sobel (2) 
used the reduction of phosphomolybdic acid, and, in 1953, Chen and col- 
laborators (3) applied the use of tetrazolium salts. In general, in addition 
to other limitations, the prevailing methods lack sensitivity. In view of 
the relatively small concentrations of corticosteroids in normal human 
urine, processing of large amounts of urine has been necessary for reducing 
methods previously described. Since the possible presence of non-alcoholic 
reducing lipides has been reported in urine extracts (4), it is felt that a very 
sensitive method for corticosteroids will minimize the discrepancies re- 
ported. 

Preliminary work in the field of analytical reagents used in oxidation- 
reduction systems indicated that the heterocyclic nitrogen compounds of 
the phenanthroline type might be more sensitive and useful reagents, and 
possibly an improvement over the use of existing reagents for estimating 
cortical steroids. 

The present investigation concerns the development of a sensitive and 
simple method based on the reduction of ferric chloride by corticosteroids, 
and the estimation of the ferrous iron by certain heterocyclic nitrogen com- 
pounds, to yield a stable red color (ferroin reaction). Of the various phen- 
anthroline derivatives that could be used for reduction study, the reagent 
4,7-diphenyl-1,10-phenanthroline prepared by Case (5) was selected as 
the analytical reagent of choice. This reagent is also known as bathophen- 
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anthroline and forms a molecular complex ferrous ion (6) with a waye 
length of maximal absorption at 533 my and a molecular extinction coeff- 
cient of 22,400. 

The ferroin reaction was applied by McFarlane (7) in 1936 in a study of 
the relative capacities of tissue extracts to reduce ferric iron. He employed 
dipyridyl to determine the quantity of ferrous iron produced when ferric 
iron was reduced by the biological material. The same reagent, in an 
aqueous medium, has recently been used by Sullivan and Clarke (8) in a 
highly specific procedure for ascorbic acid. The use of heterocyclic nitro- 
gen compounds of the phenanthroline type as possible reagents for estimat- 
ing reducing corticoids is reported in this paper. 


EXPERIMENTAL 


In preliminary qualitative experiments, the possible use of the reagents 
a,a’-dipyridyl and 1,10-phenanthroline was explored. It was observed 
that, when the solutions of the various corticoids in the presence of ferric 
chloride and either dipyridyl or 1,10-phenanthroline were brought to ap- 
proximately pH 5.6 with pyridine as the base and the tubes were warmed 
by being placed in a heated water bath, a color change from straw-yellow 
to red gradually resulted. 

The tubes containing the following cortical hormones gave the red color: 
deoxycorticosterone, 17-hydroxydeoxycorticosterone, corticosterone, 17- 
hydroxy-11-dehydrocorticosterone, 17-hydroxycorticosterone, and _ aldos- 
terone. Under similar conditions, but without the addition of corticoid, 
no color change resulted. Corticosteroids with the primary alcoholic group 
acetylated did not yield the red color. When steroids such as testosterone 
and progesterone were tested under the conditions mentioned above, no 
color change was produced. Since the a,6-unsaturated 3-ketone group is 
common in testosterone, progesterone, and active corticosteroids, and since 
progesterone, testosterone, and the esters of the corticoids did not reduce 


the ferric chloride, it would indicate that the reduction of ferric chloride is 
O 


| 
dependent upon the free primary a-ketol group (—C—-CH,OH) in the side 
chain attached to C-17 of the corticoids. Testosterone and progesterone 
reduce the phosphomolybdate reagent (2), and also reduce to some extent 
the tetrazolium salts (3), but they do not reduce the cupric ion in the 
method of Talbot et al. (1). 

Since the sensitivity of the 1,10-phenanthroline was found to be less 
than that of the a,a’-dipyridy] in a tentatively adopted procedure, it was 
not investigated extensively. Studies were undertaken to investigate the 
optimal conditions for color development with dipyridy] in the presence of 
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reducing corticoids. Evidence indicated that the type of organic base used 
for regulation of the pH, the type of solvent, the concentration of reagents, 
and the temperature and length of time of heating influenced the final in- 
tensitv of color. Of the various bases tested, pyridine proved to be the 
most satisfactory. Maximal reduction resulted at the pH range 5.2 to 
3.8. Sensitivity was greatly decreased below pH 3.2 and above pH 6. 
It will be noted in Table I that bases other than pyridine and formamide 
used to obtain the required pH conditions were unsatisfactory because of 
the formation of a turbidity, owing probably to ferric hydroxide. The use | 
of an acetate buffer to produce the required pH conditions was also un- 
satisfactory because of the formation of a precipitate in the final solution. 
When formamide was used to obtain pH range 5.2 to 5.8, a precipitate was 
not produced in the final solution. However, the sensitivity of the pro- 


TABLE I[ 

Bases Tested with a,a'-Dipyridyl As Reagent 

Base | ferric chloride | Turbidity 
Benzyl trimethylammonium hydroxide... . 5.6 ote 


* Measured with Beckman pH meter, model G. 


cedure was reduced approximately 50 per cent as compared with pyridine 
as the base. 

The solvent of choice for the corticosteroids was found to be ethyl] al- 
cohol (95 per cent). Just as in the case of pyridine, ethyl alcohol required 
purification before use to remove interfering oxidizing or reducing agents 
present. Alcohols other than ethanol were found unsuitable even after 
purification. The ethyl alcohol was treated as in the purification of pyri- 
dine; that is, it was refluxed over potassium hydroxide (1 gm. of KOH per 
100 ml.) for approximately 30 minutes in an all-glass apparatus. After 
the period of refluxing, the respective solutions (alcohol and pyridine) were 
distilled, and the first and last fractions were discarded. The selected 
fractions were tested for the presence of reducing substances by running 
a few ml. of each of the collected solutions according to the analytical 
procedure with dipyridyl or Bathophenanthroline. At the end of the 45 
minute heating period of the analytical procedure, the solutions were 
straw-yellow in color; a red or orange-red color indicates that reducing 
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substances are still present. All samples of ethyl alcohol issued by the 
pharmacy of this hospital and all samples of reagent grade pyridine were 
found suitable after a single purification. 

The most satisfactory conditions for the temperature of the water bath 
and the period of heating were found to be as follows: a constant tempera- 
ture water bath set at 59-60° and a heating period of 45 minutes. Under 
these conditions, a series of determinations on solutions of hydrocortisone, 
in concentrations varying from 0 to 100 y, revealed that the intensity of 
the color varied directly with the quantity of reducing substance present. 
Agreement with Beer’s law was also established for cortisone and deoxy- 
corticosterone. Standard curves for any one of the corticoids tested in the 


TABLE II 


Optical Density* of Bathophenanthroline-Ferrous Complex 
Produced by 10 y of Steroids 


Hormone Structure aoe 
Deoxycorticosterone A‘-Pregnen-21-ol-3, 20-dione 0.24 
acetate acetate 0.002 
Compound E (Kendall) A‘-Pregnene-178, 21-diol-3, 11, 20-trione 0.22 
** acetate 0.002 
acetate 
F (Kendall) A‘-Pregnene-11, 178, 21-triol-3, 20-dione 0.20 
B A‘-Pregnene-11, 21-diol-3, 20-dione 0.21 
Progesterone A‘-Pregnene-3, 20-dione 0.002 
Testosterone A*-Androsten-17a-ol-3-one 0.002 


* Beckman DU spectrophotometer, Corex cell 1 em., 533 my, slit 0.11. 


procedure may thus be applied to estimations of any reducing steroid in 
terms of the reducing equivalent of whichever pure compound is selected 
as the standard reference. 

The steroids used in this study were obtained through the courtesy of 
several pharmaceutical laboratories and research organizations. Equal 
concentrations of two samples of 17-hydroxy-11-dehydrocorticosterone 
(cortisone) obtained from two different sources gave the same results in 
terms of optical density. 

Table II shows the optical density readings obtained with 10 y of a num- 
ber of steroids with bathophenanthroline as the reagent. It is evident 
that acetylation of the primary alcohol group of the corticoids ties up the 
reducing group and that in the new procedure presumably no hydrolysis 
of the acetate results to release the free ketol. It is obvious, therefore, 
that the esters of the corticoids may not be used as standards in the new 
procedure. 

To determine whether the daylight and the fluorescent lighting in the 
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laboratory had any effect upon solutions of corticoid in the presence of 
ferric chloride, the colorimetric procedure was run in test tubes, the outer 
surfaces of which were coated with black enamel paint. However, whether 


) the tubes were coated or non-coated, there was no indication of photosensi- 
: tive changes in the solutions. 
: Two procedures for estimating corticosteroids are presented in this pa- 
; per (see Figs. 1 and 2). The first procedure describes the use of the re- 
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Fic. 1. Standard curve of optical density versus concentration for 11-dehydro- 
17-hydroxycorticosterone (cortisone) in the a,a’-dipyridy! procedure. The instru- 
ment used was a Coleman junior, model 6A, 520 muy, cuvette size 12 X 75 mm. 

Fic. 2. Standard curves of optical density versus concentration for 11-dehydro- 
17-hydroxycorticosterone (cortisone) in the bathophenanthroline procedure. Points 
of observation marked by X were obtained with the Coleman junior, model 6A, 533 
mu, cuvette size 12 X 75 mm. Points of observation marked by O were obtained 
with the Beckman DU spectrophotometer, Corex cell 1 em., 533 mg, slit width 0.11. 


agent dipyridyl and is used when estimating reducing steroids in amounts 
greater than 25 y. The second procedure describes the use of the analyti- 
cal reagent, 4,7-diphenyl-1, 10-phenanthroline (bathophenanthroline), and, 
when maximal sensitivity is necessary, should be used when measuring 
small amounts, 7.e. several micrograms of reducing steroids. 


Procedure A. a,a’-Dipyridyl Procedure 


Reagents— 

Ethanol. U.S. P. ethyl alcohol refluxed over potassium hydroxide (1 
gm. per 100 ml.) for 30 minutes and distilled. The middle fraction col- 
lected. 
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Pyridine. Reagent grade refluxed over potassium hydroxide (1 gm. per 
100 ml.) for 30 minutes and distilled. The fraction of boiling point 114- 
115° collected. 

a,a’-Dipyridyl. 1.2 per cent solution in purified ethanol is stored in a 
glass-stoppered bottle and should be colorless. 

Ferric chloride (hydrated). Reagent grade should be pulverized if nee- 
essary. An 80 mg. portion is dissolved in 20 ml. of ethanol in an amber 
glass-stoppered bottle and is prepared fresh each day. 

Standard stock solution. 25 mg. of any one of the pure reducing corti- 
coids dissolved in 25 ml. of ethanol are stored in the refrigerator in a glass- 
stoppered bottle. 

Working standard. The stock standard is diluted 1:10. Concentra- 
tions of 25, 50, 75, and 100 y per ml. in purified ethanol are used to pre- 
pare the standard reference curve. 

Colorimetric “Procedure A.”’ ‘Test tubes approximately 1.5 cm. X 15 
cm. are used. To 2 ml. of ethanolic solution of the steroid are added 0.5 
ml. of alcoholic dipyridyl solution and 0.5 ml. of alcoholic ferric chloride 
solution. The tube is shaken for 15 to 20 seconds. Then 1 ml. of pyridine 
is added and the tube is again shaken for 15 to 20 seconds. The tube is 
placed in a water bath set at 59-60° for 45 minutes. (The level of the solu- 
tion in the tube should be approximately at the level of the water of the 
bath.) The tube is then cooled for a few minutes by immersing it in a 
beaker of cold water. The solution is read at 520 mu. (For the blank 
determination, purified ethanol is run simultaneously.) 


Procedure B. 4,7-Diphenyl-1 ,10-Phenanthroline Procedure 


Reagents— 

Ethanol. U.S. P. ethyl alcohol refluxed over potassium hydroxide (1 
gm. per 100 ml.) for 30 minutes and distilled. The middle fraction col- 
lected. 

Pyridine. Reagent grade refluxed over potassium hydroxide (1 gm. per 
100 ml.) for 30 minutes and distilled. The fraction of boiling point 114- 
115° collected. 

Bathophenanthroline (G. Frederick Smith Chemical Company, Co- 
lumbus, Ohio). A 200 mg. portion is dissolved in 50 ml. of ethanol. 
(Warm the solution slightly to dissolve the reagent completely.) The 
solution should be colorless and stored in a glass-stoppered bottle. 

Ferric chloride (hydrated). Reagent grade should be pulverized if nec- 
essary. A 20 mg. portion is dissolved in 20 ml. of ethanol in an amber 
glass-stoppered bottle and is prepared fresh each day. 

Working standards. The stock standard described under ‘‘Procedure 
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A’ is diluted 1:50. Concentrations of 2 to 15 y per ml. in ethanol are used 
for the standard curve. 

Colorimetric ‘‘Procedure B.”’ As described under ‘Procedure A,” with 
0.5 ml. of bathophenanthroline reagent in place of the dipyridyl reagent. 
Readings are made at 533 mu. (For the blank determination, purified 
ethanol is run simultaneously.) 


SUMMARY 


1. Two simple colorimetric procedures have been presented for the esti- 
mation of small amounts of corticosteroids by the use of certain hetero- 
eyclic nitrogen compounds as reagents. The first procedure describes the 
use of the reagent a,a’-dipyridyl and is used when estimating reducing 
steroids in amounts greater than 25 y. The second procedure describes the 
use of the reagent bathophenanthroline and is used in microdeterminations 
when maximal sensitivity is necessary. 

2. Acetylation of the primary alcohol function of the corticoids prevents 
reduction, and consequently the esters of the various corticoids cannot be 
used as standards and cannot be tested with the new procedure. 

3. The colorimetric reactions described are given by steroids possessing 


the free a-ketol grouping (—C—-CH,OH) at the C-20 and C-21 positions. 
Steroids possessing the a,8-unsaturated 3-ketone group, but not the C-17- 
substituted a-ketol group in the side chain such as testosterone and proges- 
terone, yielded no color when subjected to these colorimetric procedures. 

The colorimetric procedure is being applied to the estimation of the 
neutral lipide-soluble reducing substances of urine in normal and pathologi- 
cal conditions and under corticotropin stimulation. 


We wish to thank Ciba Pharmaceutical Products, Inc., Summit, New 
Jersey; Merck and Company, Inc., Rahway, New Jersey; G. D. Searle and 
Company, Chicago, Illinois; The Upjohn Company, Kalamazoo, Michi- 
gan; the Worcester Foundation for Experimental Biology, Shrewsbury, 
Massachusetts; and the National Institutes of Health, Bethesda, Mary- 
land, for their generosity in supplying various steroids. We are also in- 
debted to the G. Frederick Smith Chemical Company, Columbus, Ohio, 
for making available the various heterocyclic nitrogen compounds used in 
the investigation. 
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THE PRODUCTION OF DOPA BY NORMAL 
PIGMENTED MAMMALIAN SKIN* 
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New Haven, Connecticut) 
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Recent studies of increased melanin formation resulting from the crowd- 
ing of melanocytes of frozen mouse skin sections incubated in phosphate 
buffer or tyrosine have provided suggestive evidence that one or more dif- 
fusible melanogenic intermediates might play a crucial role in this crowd- 
ing effect (1, 2). The production of 3,4-dihydroxyphenylalanine (dopa), 
its diffusion into the incubation medium, and its subsequent capture by the 
enzymatically less active melanocytes in the variable cell population could, 
if established, provide a metabolic basis for this case of character-intensi- 
fying cellular interactions, since dopa can serve not only as a melanogenic 
substrate more readily utilized than its precursor tyrosine, but also as a 
priming agent in the enzymatic conversion of tyrosine into melanin. For 
this reason it was considered desirable to demonstrate the production of 
diffusible dopa by normal pigmented mammalian skin. Moreover, such 
a demonstration would be useful in suggesting the metabolic pathway of 
normal mammalian melanogenesis, which has not yet been established (3). 
The demonstration reported here has been performed by means of paper 
chromatography. 

Materials and Methods—Tyrosine-active dorsal skins were removed from 
twenty-three 8 day-old intense brown mice (genotype aabb) obtained 
from four litters. The skins were lyophilized for 10 hours and stored 
at 5° in an evacuated desiccator until used. Control, tyrosine-negative 
dorsal skins were removed from thirty 8 day-old albino mice obtained from 
seven litters, and these were similarly treated. In preparation for the di- 
alysis experiments, skins within each genotype were cut into small pieces, 
4 to 10 sq. mm., and the pieces of a given coat color were then pooled and 
randomized in order to permit the withdrawal of equivalent subsamples. 
900 mg. of lyophilized brown or albino skin, together with 5 ml. of incuba- 
tion medium, were enclosed within a cellophane dialysis bag. Two such 
dialysis bags were placed in each of four Erlenmeyer flasks of 125 ml. ca- 
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pacity, each of which, in addition, contained 10 ml. of the same incubation 
medium external to the dialysis membranes. The incubation medium 
consisted of 0.1 mM phosphate buffer, pH 6.8, or of L-tyrosine dissolved in 
the buffer at a concentration of 0.5 mg. per ml. Dialysis bag controls for 
contamination from handling or microbial growth were prepared in the 
same manner, except for the absence of skin. ‘Thus, six incubation flasks 
containing brown or albino skin, or dialysis bag controls for contami- 
nation, were prepared. In each case they were incubated in buffer and in 
tyrosine at 38° and with vigorous, continuous shaking. During the course 
of incubation a 1 ml. sample for chromatographic analysis was removed 
from the medium external to the dialysis bags in each of the six flasks at 
each of the three following incubation periods: 114, 41, and 614 hours, 
The eighteen dialysate samples thus obtained were stored at — 20°. 

Two-dimensional descending paper chromatography was performed as 
follows: 0.05 or 0.20 ml. of a dialysate sample was applied as a 3 mm. spot 
on a sheet of Whatman No. 3 filter paper. These samples were upon oc- 
casion supplemented by the addition of known amounts of L-tyrosine or 
L-dopa or both, dissolved in the phosphate buffer. The chromatograms 
were developed in the first dimension in a mixture of methy! ethyl! ketone, 
propionic acid, and Pyrex-redistilled water (75:25:30 parts by volume) as 
previously described (4). (The commercial methyl ethyl ketone was first 
refluxed with saturated aqueous Na2CQs, then redistilled from the mixture, 
and the fraction boiling at 79.5° was used to make up the developer.) 
Fight such sheets, spotted with various samples, were developed simultane- 
ously in a Chromatocab (Research Specialties Company). Equilibration 
between developer and Chromatocab atmosphere was attempted by placing 
a tray of excess developer on the floor of the Chromatocab. After being 
developed for 7 hours at room temperature, the chromatograms were re- 
moved, dried under forced draught in a hood for 18 to 24 hours, and then 
developed in the second dimension for 14 hours at room temperature in 
phenol-water (80:20 parts by weight of an analytical reagent-labeled re- 
agent). (The phenol was not purified by us, and this lack of standardi- 
zation seems to be responsible for the variability in results.) The chro- 
matograms were again dried as above, dipped in 0.5 per cent ninhydrin 
dissolved in acetone, dried at room temperature for 1 hour, and heated at 
80-85° for 5 minutes. 

A second, confirmatory, dialysis experiment was later run to provide 
samples for a second series of chromatograms, with the following deviations 
from the procedure described above: (1) Dialysis bag controls for contami- 
nation were omitted. (2) Dialysate samples were obtained at 1, 4, and 6 
hours incubation. Additional brown and albino skins were used. 

Finally, chromatograms of dopa-tyrosine mixtures were run in order to 
obtain Ry standards and to determine the sensitivity of the method. 
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The method employed is capable of demonstrating tyrosine as a reddish 
violet spot in the amount of 2. In the case of dopa, which gives a rapidly 
fading green- or gray-blue spot, barely visible spots were observed when 
0.4 y was applied to the paper in the absence of dialysates and when 0.3 
y was applied in their presence. The increased sensitivity for demonstra- 
ting dopa in supplemented dialysates is presumably due to the protection 
of dopa against autoxidation. 0.25 y of dopa was, in all the instances 
tested, definitely below the threshold of visibility. 


TABLE I 
Tabulated Summary of Rr Data of Tyrosine and Dopa 

Average No. of 
Pian ind Substance or ratio Solvent Rr or Range ichroma- 
No. ratio tograms 
I, II | Dopa, known Methyl] ethyl ketone | 0.31 | 0.27-0.35 | 18 
I, Il inferred 0.31 | 0.28-0.34 9 
I, Ii | Tyrosine, known 0.47 | 0.41-0.52 | 17 
I, Il inferred 0.47 | 0.42-0.51 | 21 
I Dopa, known Phenol, Lot A 0.36 | 0.30-0.39 8 
I inferred 0.32 | 0.32-0.33 3 
I, Tl known 0.44 | 0.40-0.46 | 13 
I, Il inferred 0.44 | 0.42-0.46 S 
I Tyrosine, known ” = 0.60 | 0.54-0.65 | 11 

I inferred 0.62 | 0.61-0.64 5 
I known 0.74 | 0.71-0.76 6 
I, Il 0.82 | 0.81-0.83 4 
I, Il inferred 0.82 | 0.79-0.85 | 16 
[ Re dopa): (tyrosine) 2 0.54 | 0.50-0.58 6 

(Known and inferred) 
I, | Recdopay? Rr ¢tyrosine) 0.56 | 0.50-0.66 | 13 
(Known and inferred) 


The solvent front in the phenol dimension was characterized by brownish 
coloration, presumably owing to impurities in the paper. A second front 
in this dimension appeared consistently at a distance of 15 to 20 cm. behind 
the solvent front. The dopa spot always appeared behind the second 
front, while the tyrosine spot appeared between the solvent and second 
fronts. 

In all instances of recognized dopa and tyrosine spots, Ry values and 
their ratios (when both spots appeared on the same chromatogram) were 
computed in order to determine the variability of the method and to com- 
pare the cases involving the known presence of one or both substances 
with those in which the presence of one or both was inferred. The pooled 
results were summarized in Table I. 
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Many other ninhydrin-positive substances occurred in the dialysates, 
Large, diffuse blue and violet areas, as well as a bright yellow spot witha 
very high Ry in phenol, were noted on the chromatograms. We have not 
yet investigated these. 


RESULTS AND DISCUSSION 


In the first incubation series the dialysis bag controls for contamination 
gave only the tyrosine spot when incubated with tyrosine, and no spot 
when incubated in buffer. For this reason these controls were not run in 
the second experiment. 

When brown skin was incubated with tyrosine, all three dialysate 
samples, each applied in 0.05 ml. amounts, gave spots indistinguishable 
from the dopa spots of corresponding dopa-reinforced samples with respect 
to color, rapid fading, and Ry values in two dimensions (Table I). In the 
earliest sample (1!) hours), however, the dopa spot appeared only after 
heating, thus indicating a gradually increasing concentration of diffusible 
dopa, with time. In all threeinstances, tyrosine spots were apparent. One 
indication was obtained that dopa might be produced by brown skin incu- 
bated simply in buffer. Applications of these dialysates in the amounts of 
0.05 and 0.20 ml. gave negative results. However, a mixture of the 4!¢ 
and 6!4 hour samples (pooled because of nearly exhausted supply), ap- 
plied in the amount of 0.14 ml. and supplemented by 0.3 7 of dopa, gave a 
strong and characteristic dopa spot, in contrast to the barely visible spot 
when a sample of albino skin dialysate was supplemented by the same 
amount of dopa. In no instance involving albino skin was there any indi- 
eation of the production of dopa. 

Of additional interest is the appearance of tyrosine in the dialysates of 
both albino and brown skin incubated in buffer. In the albino dialysates, 
at all three periods of incubation, a 0.05 ml. sample was sufficient to give 
an intense tyrosine spot. The brown skin dialysates, however, gave no 
tyrosine spots in the 0.05 sample, although tyrosine was evident in the 
chromatograms in which 0.20 ml. of dialysate, or the 0.14 ml. of pooled 
dialysates mentioned above, had been applied. 

The results of the second incubation series confirmed in major detail 
those of the first series, the only notable difference being the absence of 
tyrosine spots in 0.05 ml. dialysate samples of albino skin incubated in 
buffer (1 and 6 hour samples), although the 6 hour sample in the amount 
of 0.20 ml. did give a tyrosine spot. 

This series included two anomalous results for which we have no expla- 
nation. A 0.05 ml. dialysate sample taken at 4 hours incubation from 
the flask containing brown skin and tyrosine gave the expected tyrosine 
and dopa spots. Several days later, however, two additional samples in 
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the same amounts were run again, and one of these was supplemented with 
2.5 y each of tyrosine and dopa. In both these cases the dopa spots were 
present, but no tyrosine spot was seen in either chromatogram. 

The results with methyl ethyl ketone were consistent throughout all 
chromatographic runs of both incubation series (see Table I). Average 
Ry values for the known and inferred presence of dopa or tyrosine obviously 
agree, and, together with color and fading characteristics, strongly indicate 
the identity of the known and inferred substances. The results with 
phenol, however, showed definite Ry changes, and these changes seemed to 
be correlated with the condition of the phenol; the earliest lot used showed 
much brownish discoloration, while the later lots were selected for minimal 
discoloration. Despite the Ry changes in phenol, the Rr ratios for dopa 
and tyrosine remained constant (Table I). Our R, data generally agree 
with those previously reported for dopa and tyrosine (4-7), although we 
have not vet seen any report on the migration of dopa in methyl ethyl ke- 
tone. 

This first demonstration of dopa extracted from normal pigmented 
mammalian skin, coupled with observations of oxygen consumption and 
pigment production (8-10), indicates the enzymic production of dopa by 
this tissue. These results provide a plausible metabolic basis to account 
for increased melanin formation owing to crowding of melanocytes incu- 
bated in buffer or with tyrosine, as well as necessary, although not suffi- 
cient, evidence regarding part of the metabolic pathway of normal mam- 
malian melanogenesis. So far our results agree with those found for 
mammalian melanomas, for plants, and for non-mammals (3). Moreover, 
the demonstrated production of dopa from an endogenous source (presum- 
ably tyrosine) suggests the possibility of paper chromatographic methods 
being used to study inherited variations in pigmentary metabolism and 
thus to answer questions arising from studies of inherited variations in the 
tvrosinase system in mouse and guinea pig skin (8—10). 


SUMMARY 


Two-dimensional descending paper chromatography, with methy]! ethy] 
ketone-propionie acid-water and phenol-water developers, was used to 
identify both tyrosine and 3,4-dihydroxyphenylalanine (dopa) in the di- 
alysates of tyrosine-active normal pigmented mouse skin when incubated 
in phosphate buffer in the presence or absence of exogenously supplied 
L-tyrosine. Tyrosine, but not dopa, was identified in albino skin dialy- 
sates. This first demonstration of dopa produced by normal mammalian 
skin provides (a) a metabolic basis for increased melanization owing to 
crowding of melanocytes incubated in buffer or with tyrosine; (b) necessary, 
but not sufficient, evidence concerning the metabolic pathway of normal 
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mammalian melanogenesis; and (c) an additional method for analyzing 
inherited variations in mammalian pigmentary metabolism. 


We are grateful to Professor Harold G. Cassidy, Dr. Chester W. Par. 
tridge, Dr. M. T. M. Rizki, and Mr. Joseph Shapiro for their advice and 
criticism, as well as for our use of the facilities kindly provided by Dr, 
Partridge and Mr. Shapiro. 
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(From The Rockefeller Institute for Medical Research, New York, New York) 


(Received for publication, August 13, 1956) 


In the ultracentrifuge, normal human serum shows, in addition to the 
lipoproteins, three distinct components with sedimentation rates of ap- 
proximately 4, 7, and 19 Svedberg units (1, 2). Other materials known to 
be present are obscured by the high concentrations of these major sub- 
stances and the high diffusion spreading of the boundaries. For example, 
Edsall (3) has reported a number of additional components in fractions 
separated by alcohol and salt precipitation. Likewise, several crystalline 
proteins have been isolated which show sedimentation rates different from 
the three mentioned above (4, 5). 

Electrophoresis reveals at least five major fractions, with probably a 
continuum of mobilities from the slowest y-globulin through the albumin. 
Since the transport behavior of a protein in an electric field is in general 
independent of its properties in an ultracentrifugal field, it becomes neces- 
sary to determine the distribution of the various sedimentation groups 
within each mobility fraction. The technique of moving boundary elec- 
trophoresis has not permitted the isolation of amounts of intermediate 
components sufficient to answer this question conveniently. However, 
with the introduction of various techniques of preparative zone electro- 
phoresis, this type of approach has become feasible. Such studies on a 
number of fractions isolated from normal and pathological sera have been 
previously reported (6, 7). Recently, Brattsten has presented data on 
the sedimentation rates of some representative fractions of normal serum 
obtained by continuous zone electrophoresis (8). 

The present report attempts to ascertain the mobility distribution of 
all the major non-lipide proteins identified by their sedimentation rates. 
Because of the small number of sera studied, it has not been possible to 
specify exact ‘‘normal”’ levels of each of the serum components. However, 
the results may be useful, at least as a starting point, for more precise meas- 
urements of each mobility or sedimentation coefficient distribution, for 
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elucidating certain problems of protein-protein interaction, and as a back- 
ground for clinical studies. 


EXPERIMENTAL 


Preparative Ultracentrifugation—The serum lipoproteins less dense than 
1.06 gm. per ml. were removed by ultracentrifugation as follows: The non- 
protein density of the serum was increased to 1.06 gm. per ml. by the addi- 
tion of solid NaCl in the proportion of 1.066 gm. of NaCl to 13 ml. of serum. 
The Spinco! preparative rotor No. 40 was employed at 40,000 r.p.m. for 
19 hours, which speed and time are sufficient to sediment or to float pro- 
teins with an s rate of +7 Svedberg units through the 12 ml. tube. The 
top 3.5 ml. layer was carefully removed according to standard lipoprotein 
methods (9). Some lipoprotein of high density class and some albumin 
are lost in the top layer, but negligible lipoprotein of the low density class 
remains in the bottom layer. This was verified by inspection of the ve- 
locity schlieren pattern of the top laver obtained from a subsequent prepa- 
rative ultracentrifugation of this bottom layer increased to a density of 
1.20 gm. per ml. (9). 

For complete quantitative fractionation into lipide and lipide-free frae- 
tions, a preparative ultracentrifugation initially layered at 1.20 gm. per ml. 
density was used. For each 6 ml. tube of a Spinco rotor No. 40.3, 3.0 ml. 
of serum and 1.5 ml. of stock-saturated KBr, NaNO; solution of density 
1.58 gm. per ml., were mixed. Then 1.5 ml. of 1.20 gm. per ml. of solvent 
were carefully layered on top. The rotor was accelerated at 2000 r.p.m. 
per minute by manually advancing the speed control dial on a Spinco model 
L ultracentrifuge.' Centrifugation at 40,000 r.p.m. for 24 hours at 20° 
was employed prior to pipetting the top 1 ml. of lipide layer. 

The bottom layers of the preparations of 1.06 or 1.20 gm. per ml. density 
were dialyzed at 4° against distilled water for 2 hours and barbital buffer 
for 24 hours with three changes of buffer. After dialvsis, the samples 
were concentrated to serum level by ultrafiltration. 

In order to obtain a relative enrichment of the higher molecular weight 
components of the serum, 1000 ml. of pooled plasma from healthy blood 
donors were repeatedly centrifuged, and the fluid above the gel-like pellet 
was poured off. The net effect of the preparative ultracentrifugation was 
to give approximately a 10-fold enrichment of the 19 S component and a 
4-fold reduction of the albumin. 

Preparative and Analytical Zone Llectrophoresis—Barbiturate bufier, pH 
8.6, ionic strength 0.1, was used for the zone electrophoresis in supporting 
media. The procedure in which potato starch was used was similar to 
that described previously (10). The block used for the analysis presented 
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in Fig. 2 was 28 inches long, 84 inches wide, and \ inch thick, and was 
kept cool with a fan during the 30 hours electrophoresis at +4°, with 350 
volts which gave approximately 110 ma. The length of the initial band 
in the direction of migration was !4 inch. For the study of the equivalent 
of 20 ml. of serum shown in Fig. 4, a block 18 inches long, 24 inches wide, 
and 's inch thick was used. The initial band was 5g inch wide. 

Polyvinyl chloride powder was also employed as a supporting medium 
in a manner analogous to starch for certain experiments. This non-swell- 
ing medium shows very low adsorption of serum proteins and does not con- 
tribute soluble products that might interfere with protein analysis (11). 

The electrophoresis blocks were cut into 1 inch segments, which were 
suspended in test tubes with 10 ml. of buffer. Protein analysis was per- 
formed on a portion of the supernatant fluid of these well mixed tubes ac- 
cording to a modified Folin method (10). The remaining protein and 
supporting medium in the tubes were resuspended, and the protein-buffer 
solution was recovered by displacement filtration on a sintered glass filter 
under suction. 

Ultrafiltration—The eluates were filtered through collodion bags? with 
a vacuum of about 260 mm. of mercury. The filter bags were submerged 
in buffer during filtration, which was continued until a final volume of 1 to 
1.5 ml. remained. This was recovered and used in the experiments in 
analytical ultracentrifugation. 

Analytical Ultracentrifugation—A Spinco model E ultracentrifuge! was 
used to obtain the distribution of the proteins of each electrophoretic frac- 
tion among the various ultracentrifugal groups. The following terms are 
used in this study: ‘‘s rate,” the sedimentation coefficient in general; s = 
8°09. ~, the sedimentation coefficient at infinite dilution at 20° calculated to 
the density and viscosity of water; and §, the unit of s rate (1 Svedberg S = 
10° sec.). The procedure for operation at 20.0°, the use of double sector 
centerpieces, and the measurement of the schlieren patterns by use of a 
micrometer screw comparator have been described elsewhere (12). The 
barbiturate buffer, pH 8.6, '/2 0.1, used in electrophoresis was retained 
as solvent in the experiments in analytical ultracentrifugation. Observed 
s rates were multiplied by 1.10 to convert to the “‘20,w” reference. 

No two peaks of the more than 200 photographed in this study had the 
same observed s rate. This does not mean that each one represents a sig- 
nificantly different substance, since, in addition to experimental errors 
within +5 per cent, the concentration dependence will prevent mixtures, 
which vary in composition but are of the same total concentration, from 
exhibiting the same s rates. In order to correct for concentration de- 
pendence, the following scheme was used. The literature value, k = 0.005 
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ml. per mg. for y-globulin and for albumin (13, 14), was provisionally used 
to correct the s rate of the maximal ordinate of a representative group of 
peaks for the concentration of all slower components, according to the rela- 
tion: 


= /(1 —k c;) 

The rate s; corresponds to the s rate which would have been observed if the 
i* component were the only component present. The s; was obtained 
from the slope of the best line on a log x versus ¢ plot and the c; from the 
average concentration during the experiment. A composite graph was 
made of all the (s;,c;). The data were concentrated into six groups, each 
characterized by a slope greater than 0.005 ml. per mg., namely 0.007 ml. 
per mg., except for the fastest component, “19 S.’’ Here the & was 0.017 
ml. per mg. Hence, for the main study, the observed (obs) s rates were 
corrected according to 


= 8,9>*/(1 — > kye;) 


where all k; = 0.007 ml. per mg., except when 7 = 198, in which case k = 
0.017 ml. per mg. Johnston-Ogston corrections (15, 12) for superimposed 
gradients of slow components at faster boundaries were applied to the pat- 
terns with a concentration of the 19S component above 6 mg. per ml. The 
extrapolation to infinite time and infinite dilution of the apparent distribu- 
tion with respect to s rate was in accordance with the procedure of Baldwin 
(16, 17, 12). 


Results 


Ultracentrifugal Analysis of Whole Serum—The resolution of a moving 
boundary or zone pattern can be increased by extrapolation to infinite time 
to diminish the blurring from diffusion relative to the separation due to 
the field. Such an analysis was performed on the patterns obtained in the 
analytical ultracentrifuge for a normal lipide-free serum (bottom fraction 
of 1.20 gm. per ml. of density preparation) at total protein concentrations 
of approximately 35, 17, 10, and 5 mg. per ml. Fig. 1 shows the distribu- 
tion for the 10 mg. per ml. sample. Assuming that the 4 8S and 7 S com- 
ponents are really symmetrical, then the 5 S intermediate can be resolved. . 
Thus, five non-lipide components are visible in this plate-analysis proce- 
dure. The further extrapolation to infinite dilution indicates that each is 
homogeneous to within a standard deviation of 10 per cent of the nominal - 
s rate, which is the limit of the resolving power for this method (16). The 
composition of this serum is given in Column A, Table I. The mobility 
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distribution of each of these components cannot be determined from this 
data and the electrophoretic pattern alone. 
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Uncorrected sedimentation rate (Svedbergs) 


Fic. 1. Ultracentrifuge schlieren pattern from normal lipide-free serum extrapo- 
lated to infinite time. 


Ultracentrifugal Analysis of Electrophoretic Fractions—The electrophoretic 
distribution obtained in the starch medium of a normal serum, free from 
lipides less dense than 1.06 gm. per ml., is given in Fig. 2, upper part. The 
usual five main components are identified just below the segment numbers, 
and their relative concentrations are indicated. Representative patterns 
of analytical ultracentrifugation of the separated fractions from this type 
of experiment are given in Fig. 3. The use of two double sector cells simul- 
taneously permits a visual demonstration of the various sedimentation 
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rate components obtained from the electrophoretic fractions because relg- 
tive displacements can be seen by inspection. Thus, in Fig. 3, left-hand 
column, whichrepresents 24 minutes of ultracentrifugation, the presence of 
the 19 S component in y; and a2 regions is evident. The patterns in Fig. 
3, right-hand column, at 96 minutes show resolution of the large slow com- 


TABLE I 


Mobility Distribution of Ultracentrifugal Components in Various 
Ultracentrifugally Prepared Normal Serum Samples 


The values are given in per cent; 0.0 per cent means less than 0.1 per cent. 


Column A* | Column Bt | Column Cf | Column Dt | Column E} 
Component 
fraction fraction fraction fraction serum 
3 S-a, 12 | 4.0 3.6 3.0 0.0 
4 53.4 | 36.3 46.4 54.8 12.6 
4 6.2 7.6 4.7 0.2 
5 8-6 10.1 6.0 0.5 
7 S-a:2 | 1.6 1.1 3.5 
78-8 | 2.1 | 5.7 1.8 2.8 8.5 
7 S-y 25.1 21.4 32.7 
12 | 1.6 
12 8-8 00 0.6 2.8 
12 S-y | | | 0.5 0.7 
19 S-ae | so | 20 2.5 | 2.6 23.6 
19 S-y 1.0 ieee 10.9 
28 8-5 0.0 1.4 
448-7 0.0 0.9 


*Column A, analytical ultracentrifuge patterns extrapolated to infinite time 
of whole lipoprotein-free serum (no electrophoresis). 

t Columns B, C, and D, combined zone electrophoresis and analytical ultra- 
centrifugation of lipoprotein depleted sera. 

t Column FE, combined zone electrophoresis and ultracentrifugation of prepa- 
ration enriched in the faster sedimenting components. 


ponent noted at the earlier time, and demonstrate the progressive increase 
in the s rate of the major peak from 35S to4 8, 58, and 7 8 in proceeding 
from a; to a», 8, and y,; regions. 

In principle, the distribution with respect to s rates of the protein of 
each segment could be obtained for the patterns in Fig. 3 by a double ex- 
trapolation to infinite time and zero concentration. This was done only 
for one of the y-globulin fractions and for albumin, showing, as in Fig. 1, 
that the standard deviation of the sedimentation rate distribution was 
within 10 per cent of the mean srate. This is in accordance with the results 
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of Cann for y-globulin (14). Alternatively, the components of Fig. 3 were 
grouped by their calculated infinite dilution s rates. The actual 8°. values 
in barbiturate buffer, pH 8.6, [)2 = 0.1, were 3.0 8, 3.7 5, 4.2 5, 6.08, 
11S,and 16.838. The s%Q»,, is 10 per cent greater. Hence, the following 
six sedimentation rate groups in normal human serum were identified and 


55 % 
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! 9% | | Total 
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Folin extinction 


5 6 7 8 9 10 Mt 12 13 14 15 16 17 18 19 20 2 22 23 24 25 
Segment number 
Fic. 2. Combined starch electrophoretic and analytical ultracentrifugal analysis 
of normal serum. The points on the shaded curves represent the ultracentrifuge 
composition of each electrophoretic segment. 


denoted by using the nearest integer to the s%.»,, as 3.8, 45,558,758, 1238, 
and 19S groups. The 12S was the only group that exhibited a very broad 
s rate distribution (9 to 158). 

The relative composition of each electrophoretic segment with respect 
to these s rate groups was determined. The results are shown in Fig. 2, 
lower part. Each separate shaded area can be interpreted as the mobility 
distribution that would have been obtained if each s rate group could have 
been isolated in the ultracentrifuge prior to electrophoresis. The points 
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to observe are that the 7 8 component has a very broad mobility distribu- 
tion. The 4S group is mostly albumin but one-tenth of this is of a-globu- 
lin mobility. The 19S component also exhibits two main mobility groups; 
about one-third of the total is in the fast y-globulin region and two-thirds 
in the az-globulin region. The 12 5 component is broad, both in mobility 


59,780 RPM 96’ 


Fic. 3. Selected ultracentrifugal patterns of four electrophoretic fractions at 24 
and 96 minutes. The phaseplate angles and s rate groups are indicated. 


and as s rate. The 38 and 58 components are both sharply defined as 
aj;- and 6-globulins, respectively. The detailed composition is given in 
Column B, Table I. 

The entire electrophoresis and ultracentrifugal experiment was repeated 
on a different sample of serum from the same donor. However, this time, 
after determination of the protein curve, eluates from the segments were 
pooled to give five fractions corresponding to y-, B-, a2-, a:-globulin and 
albumin. It should be noted that the preparative ultracentrifugation to 
remove the low density lipoproteins was not quantitative as performed. 
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In this repeated experiment, a slightly different preparative procedure was 
employed which resulted in only about 90 per cent recovery of the albumin 
in the bottom fraction. It can be seen from Table I, Column C, that all 
the components of Fig. 2 are again found, and that the relative mobility 
distribution of each s rate group is reproduced. Also, the recovery of com- 
ponents of s greater than 4 §S is duplicated within experimental error. 

Completely lipide-free material obtained by the preparative ultracen- 
trifugation of the initially layered serum at 1.20 gm. per ml. of density was 
also investigated. The results are given in Column D, Table I. The use 
of the salt solution of high density (25 per cent) for 24 hours apparently 
did not adversely affect the results, but may have increased the amount 
of 12S material. Since this fractionation was performed in a quantitative 
manner (as the low density fractionation could have been), this set of data 
may eventually be used in determining normal levels. The low density 
lipoproteins, at least, should be removed because of probable interference 
in the analytical pattern owing to floating material (2), and to simplify 
analysis by merely reducing the number of components in the samples. 
The sera listed in Table I, Columns B and C, contain the a;-lipoproteins, 
whereas those in Columns A and D do not. 

Recovery Experiments—As controls on the procedures involved in this 
study, the following experiments were performed. [irst, in the study rep- 
resented in Tig. 2, some slowly sedimenting material from 0 to 4 S was 
detected in the y-globulin region. This was at most 0.3 per cent of the 
total protein. Inasmuch as this might be amylase breakdown products 
of the starch, two portions of the same whole serum were separated, both 
on starch and on the polyvinyl chloride supporting medium. The y-globu- 
lin regions were eluted, concentrated, and analyzed in the analytical ultra- 
centrifuge at the same total concentration of 26 mg. per ml. The poly- 
vinyl chloride fraction showed less than 0.1 per cent of the total protein 
to be slow material, whereas the protein eluted from starch contained less 
than 0.3 per cent. In a subsequent experiment, indicated in Column D, 
Table I, all the procedures in the presence of starch were carried out in a 
cold room at 4°. This, together with the exposure to the salt solution of 
high density, apparently reduced the enzymatic action, for none of this 
slow material was detected. Both the starch and the polyvinyl experi- 
ments revealed that y-globulin contained the 19 S component, and ap- 
peared in general to yield comparable distributions of the proteins even 
with the high electroosmotic flow in the polyvinyl medium which makes 
the ae-globulin remain at the origin. 

A second general control on recovery was performed as follows: A sample 
of the starting material for the experiment listed in Column D, Table I, 
obtained after preparative ultracentrifugation and prior to electrophoresis, 
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was compared with one eluted from starch and concentrated after standing 
without electric field for a period of time equal to the duration of the elec. 
trophoresis. The two samples were adjusted to the same two total protein 
concentrations of 10 mg. per ml. and 30 mg. per ml. and analyzed in the 
analytical ultracentrifuge. The analytical patterns were precisely super- 
imposable, thus indicating no selective loss of any ultracentrifugal com- 
ponent in the procedure. 

Special Analysis of 19 S Ultracentrifugal Component—In order to deter- 
mine more clearly the distribution of the faster sedimenting components 
than is possible from Fig. 2, two separate special studies were made. The 
first was to use the pooled normal serum enriched in heavy component by 


~w 


oS 88838 


12 "19S" 


195 content-mg Protein content -mg 


ds ¢ 
© 


10 12 14 16 
Segment No. 


Fic. 4. Mobility distribution of 19 S component compared to the whole serum 


repeated preparative ultracentrifugations for combined electrophoretic 
and ultracentrifugal analysis. The results are given in Table I, Column E. 
In addition to an accentuation of the 12 S material, two components even 
faster than the 19 S, one of 28 S, and the other of 44 S were visible. In 
this experiment it was observed that even the first low density preparative 
ultracentrifugation packed the 19 S component into a pellet. This com- 
ponent was not as easily resuspended as the other serum components and 
is perhaps more labile (18). 

The second special experiment avoided these limitations. The lipo- 
proteins were removed without packing the 19 S component, by taking 
advantage of the reduced sedimentation rate in the high density medium 
(1.20 gm. per ml.). Then, to avoid the repeated centrifugation necessary 
to concentrate the 19 S material, a very broad starch block which accom- 
modated 24 ml. of solution in an initial zone only 5¢ inch wide was used 
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jor electrophoresis. The electrophoretic distribution of the 19 S com- 
ponent, compared to the lipoprotein-free whole serum, is given in Fig. 4. 
The very small amount of 19S material in the 6-globulin region was shown 
to be an overlap of the 19 S-a2. component by subjecting this one fraction 
to a second electrophoresis. Neither the center nor the region on the 
y-globulin side showed any of the 19 S material on subsequent analytical 
ultracentrifugation, but the material on the a» side did. In this serum, 
the 19 S-y was almost as concentrated as the 19 S-a. component. No 
deleterious effect could be attributed to the exposure of the material to 
»° for approximately 24 hours and to the salt concentration at high density 
about 25 per cent). 


DISCUSSION 


Through the combined use of electrophoretic and ultracentrifugal sepa- 
ration, the number of major components observed in normal serum is in- 
creased considerably over that seen with either procedure alone. The 
five electrophoretic fractions subdivide into ten major groups or families 
of proteins. This can be visualized more clearly in a three-dimensional 
map (lig. 5) with the sedimentation rate along the x axis, the electro- 
phoretic mobility along the y axis, and the relative distribution g(s, w) 
along the z axis. It should be noted that the distribution along the mo- 
bility axis was obtained from a zone pattern while that along the sedimen- 
tation rate axis was obtained by the moving boundary technique. Fig. 5 
has been drawn as if the effect of the initial zone width and diffusion spread- 
ing of the zones and boundaries had been removed. In this respect the 
picture is an idealization aimed only to give a pictorial idea of the different 
s rate-mobility groups present in normal serum. Since reelectrophoresis 
of fractions from adjacent segments yields protein peaks separated by the 
same amount, the zone electrophoresis as employed with a narrow starting 
band gives practically the true mobility distribution. The analytical ul- 
tracentrifuge patterns extrapolated to infinite time and infinite dilution in- 
dicate a heterogeneity in the s axis of 10 per cent of the mean s rate, for all 
components except the 12 8. The sensitivity of the schlieren optical sys- 
tem is relatively low, which makes it probable that discrete components 
that are present only in very low concentration (less than 100 mg. per 100 
ml. of serum) will not be detected. The picture given thus presents only 
the major serum protein groups. This applies only in part to Fig. 5, lower 
section, Where the data from the experiments on the preparation enriched 
in heavy components are summarized. By using an enlarged scale, the 
high molecular weight groups detected in these experiments have been 
plotted at the approximate relative concentration present in the original 
serum sample. 

One of the major obstacles encountered in this study, which partially 


264 COMPONENTS OF NORMAL SERUM 


hampers a clear cut delineation of the serum components in terms of seqj. 
mentation rate, is the problem of protein-protein interaction. The pro. } 19 
tein groups of higher s rate might be particularly suspected of being aggre. | sid 
gates of lower molecular weight proteins. The 28 S and 44 S components I 
were present in too low a concentration to be rendered visible in Whole diff 
serum and were only identified after enrichment by preparative ultracen. the 
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Fic. 5. Electrophoretic and ultracentrifugal display of major non-lipide normal ot 4 
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trifugation. The 12 8 group, also difficult to visualize in whole serum, | sam 
was seen clearly only after electrophoretic separation. The latter might | dep 
be similar to the 9 to 12S components noted in some preparations of y-glob- | only 
ulin prepared by alcohol fractionation and attributed to aggregation of | true 
the 7S (19). The 198 group was observed in whole serum, and the re- | of $ 
covery experiments gave no indication of a change in the relative concen- | of I 
tration of these proteins during the various procedures. Additional sup- oth 
port for the identity of the 19 S material js in the recent findings that the | indi 
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19S component of the y-globulin is immunologically different from the 
19 S-a and 7 S-y components (20, 21), and that it also contains con- 
jderably more carbohydrate than the 7 S components (22). 

Besides aggregation of the same protein, there can be combinations of 
liferent proteins. Thus, hemoglobin is known to combine with one of 
the a2-globulins (haptoglobin) to form what has been termed the hemo- 
sobin-haptoglobin complex (23, 24). The 7 S material in the az region 
af Fig. 2 showed a faint reddish color when observed in the ultracentrifuge 
and may well be this complex. Subsequent experiments with minimally 
hemolyzed serum, obtained with silicone-treated syringes and tubes, showed 
no red color in this fraction, although definite 7 S material was still present 
inthe ag region. It was apparent that the relative amounts of the various 
ultracentrifugal components of the a2 fraction were considerably influenced 
by the amount of hemoglobin in the serum. 

The multiple components charted in Fig. 5 are not necessarily homo- 
geneous proteins. New procedures of fractionation may well subdivide 
ome of them. For example, the 4 S component in the a2 region probably 
contains both haptoglobin and ceruloplasmin. Many of the enzymes 
known to be present in small amounts in the ae fraction also may fall, in 
part, under this peak. Other components appear more homogeneous and 
are identifiable in terms of known proteins that have been isolated and 
crystallized from serum. The 5 S-8-globulin peak probably represents 
chiefly the iron-binding protein. The 19 S-a2 component resembles closely 
the ae-glycoprotein recently described by Brown et al. (25). The aj-glob- 
ulin (3S) is probably primarily the acid glycoprotein isolated by Weimer, 
Mehl, and Winzler (26) and Schmid (4). A more complete bibliography 
on the identification of these serum components with a given sedimentation 
rate and mobility is given by Brattsten (8). Some of the results obtained 
by Brattsten for the relative composition of selected segments differ from 
those presented here. In particular, no 4+ S material of y mobility was 
found in the present study, and, even with hemolysis, the relative amount 
of 7 S material in the a2 region did not attain 79 per cent. It should be 
noted, however, that, since the various ultracentrifugal components of an 
electrophoretic fraction do not have their maximal concentration at the 
same mobility, the relative composition in any segment can vary widely, 
depending on the heterogeneity and mobility resolution attained. It is 
only by analyses of all segments of the electrophoretic separation that the 
true three-dimensional display can be obtained. The recent observations 
of Smithies (27), indicating that normal individuals have different types 
of haptoglobin, also raise the possibility that the a2 fraction and perhaps 
others show variation in the ultracentrifugal pattern in different normal] 
individuals. 


- 
nts 
Ole 
| 
il 
t 
f 


266 COMPONENTS OF NORMAL SERUM 


SUMMARY 


1. Analysis in the ultracentrifuge of the fractions obtained by zone elee. 
trophoresis of lipoprotein-free normal human serum has indicated the pres. 
ence of at least ten major groups of proteins. 

2. Observations on three normal sera showed that 7 5 components were 
broadly distributed through the y-, B-, and a2-globulin regions of the elec. 
trophoretic patterns: 4 S components, in the albumin and a regions; and 
19 S components, in the y and ae fractions. In addition, 3S and 58§ 
components were found in the a; and @ fractions, respectively. Analysis 
of a serum preparation enriched in heavy components by repeated cycling 
in the preparative ultracentrifuge gave similar results and showed the 
additional presence of 12 S, 28S, and 44 S components. 

3. The problem of protein-protein interaction in these experiments and 
the importance of obtaining sera free of hemolysis are discussed. 

4. A three-dimensional display of the major non-lipide groups of proteins 
obtained by combined electrophoretic and ultracentrifugal analysis of 
normal serum is presented. 
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Recently, the presence in human urine of several acids containing the 
m-hydroxypheny! nucleus was reported as the result of a comparison of the 
properties of the urinary compounds with authentic materials on two- 
dimensional paper chromatograms (2). One of the quantitatively more 
important of these compounds was isolated and shown to be m-hydroxy- 
hippuric acid (3). Another acid, Compound 2 (2), was observed to be 
present in urine in amounts always roughly comparable to the m-hydroxy- 
hippuric acid; this observation and the similarity in the color reactions of 
the two substances suggested that they are chemically and metabolically 
related. 

Compound 2 has solubility and chromatographic properties similar to 
those expected for m-hydroxyphenyllactic acid, and is probably the sub- 
stance which has been identified tentatively by Boscott and Cooke (4) as 
m-hydroxyphenyllactic acid. m-Hydroxyphenyllactic acid was prepared 
(5) and, in fact, has color reactions and chromatographic behavior almost 
identical with those of Compound 2. In the course of an initial attempt to 
isolate the compound, however, it was observed that it is completely de- 
stroved when a strongly acid solution is heated under reflux, wnereas m-hy- 
droxyphenyllactic acid is stable under the same conditions. Subsequent 
chromatographic studies also indicated that the two substances are differ- 
ent. This finding was confirmed when m-hydroxyphenyllactic acid was 
resolved (5), and its enantiomorphs were found to differ in physical prop- 
erties from the isolated Compound 2. Further work has provided no 
evidence for the occurrence of m-hydroxyphenyllactic acid in human urine. 

The color reactions and the elementary analyses of Compound 2 agreed 
with those of m-hydroxyphenyllactic acid; but these also agreed with those 
expected for the unknown 6-m-hydroxyphenylhydracrylic acid (m-HPHA). 
The latter compound was synthesized and found to have chromatographic 
behavior and color reactions identical with those of Compound 2. Syn- 


*This work was supported by research grants from the National Institutes of 
Health, United States Public Health Service. A preliminary report was presented 
at the meeting of the American Society of Biological Chemists at San Francisco, 
April, 1955 (1). 
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thetic m-HPHA then was resolved; the levorotatory isomer has the same 
physical properties as Compound 2. 


EXPERIMENTAL 


The procedure for studying the phenolic acids of urine and the chroma. 
tographic characterization of Compound 2 have appeared previously (2), 
as have the preparation (5) and a description of the chromatographic 
properties of m-hydroxyphenyllactice acid (2). 

Isolation of (—)-8-m-Hydroxyphenylhydracrylic Acid from Urine—The 
organic acids in 60 liters of pooled urine, containing approximately 50 gm. 
of creatinine, were extracted into ethyl acetate, and the hippuric acid and q 
large part of the m-hydroxyhippuric acid were separated by crystallization 
(3). Further purification of the m-HPHA was effected by a series of modi- 
fied countercurrent distributions on the filtrate (400 ml.) in the following 
manner: The filtrate was placed in a 1 liter separatory funnel and shaken 
with an equal volume of | M citrate buffer of pH 3.60. The aqueous phase 
was successively shaken with seven more 400 ml. portions of ethyl] acetate 
in | liter separatory funnels. <A total of six 400 ml. portions of the buffer 
was passed through the eight portions of ethyl acetate, in the manner of a 
Craig countercurrent distribution with withdrawal of the aqueous phase. 
The separation of the compounds was followed by applying an aliquot from 
each portion of ethyl acetate to paper, chromatographing the acids with iso- 
propy! alcohol-aqueous NH;-water (8:1:1), and spraying the paper with 
the Pauly reagent (2). Most of the m-HPHA remained in the fourth to 
sixth portions of ethyl acetate, but some was present in the second and third 
and the seventh and eighth portions. The second and third portions of 
ethyl acetate were pooled and concentrated to a volume of 400 ml., and the 
distribution was repeated. The same procedure was followed with the 
seventh and eighth portions. The fourth to sixth portions of ethyl acetate 
from these three distributions at pH 3.60 (original distribution, distribution 
on the second and third and on the seventh and eighth portions) were 
pooled and concentrated to a volume of 400 ml., and the same type of dis- 
tribution was carried out with | M citrate buffer, pH 5.20. In this system, 
most of the m-HPHA remained in the third to the eighth portions of ethyl 
acetate and in the last three portions of citrate buffer passed through the 
funnels containing the ethyl acetate. The three portions of citrate buffer 
were pooled, saturated with salt, and acidified to pH 1 by the addition of 
concentrated HC], and the m-HPHA was extracted with three 600 ml. por- 
tions of ethyl acetate. These extracts were pooled with the third to the 
eighth portions of ethyl acetate from the distribution at pH 5.20, and the 
resulting solution was concentrated to a volume of 100 ml. The distribu- 
tion procedure was repeated, this time in 250 ml. separatory funnels, by 
passing six 100 ml. portions of 1 m citrate buffer, pH 5.20, through eight 
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100 ml. portions of ethyl acetate. With this system, most of the m-HPHA 
remained in the sixth to the eighth portions of ethyl acetate, and the last 
four portions of buffer passed through the ethyl acetate. The four por- 
tions of citrate buffer containing the m-HPHA were pooled, the m-HPHA 
was extracted back into ethyl acetate as described above, and the extract 
was combined with the sixth to the eighth portions of ethyl acetate from 
the distribution at pH 5.20. The resulting extract contained most of the 
m-HPHA present in the original extract; the amount, estimated chroma- 
tographically, was approximately 2 gm. 

The ethyl acetate solution containing the m-HPHA was evaporated in 
a stream of air at room temperature, the residual dark brown syrup was 
dissolved in 40 ml. of water, and further purification was effected by 
chromatography on Dowex 50 resin. A 2.5 X 100 cm. column of 300 to 
400 mesh Dowex 50-X8, 0.2 M in Nat, buffered at pH 3.20 with citrate, was 
used. 10 ml. portions of the aqueous solution were applied to the column, 
and citrate buffer, pH 3.20, 0.2 m in Na*, was allowed to flow down the col- 
umn at a rate of 50 ml. per hour; 10 ml. fractions were collected. The 
emergence of the m-HPHA was detected by applying 5 ul. spots from each 
tube of eluate to paper and spraying with the Pauly reagent; it was found 
in the 1000 to 1500 ml. fraction of effluent. The combined effluents con- 
taining the desired compound were saturated with salt, acidified to pH 1, 
and extracted four times with equal volumes of ethyl acetate. The com- 
bined extracts were concentrated to a syrup, which was dissolved in 4 ml. 
of hot water; the solution was treated with Norit and filtered, and the fil- 
trate was again concentrated to a syrup in vacuo. The syrup began to 
crystallize after standing at room temperature overnight; after a week, the 
crystals were washed with several small portions of ether and dried; 1.7 
gm. of gummy crystalline material were obtained. This residue was dis- 
solved in a mixture of 15 ml. of absolute EtOH and 15 ml. of dry ether. 
15 ml. of cyclohexane were added, a small amount of a gummy precipitate 
was removed by filtration, and the filtrate was allowed to stand at room 
temperature for several days; m-HPHA crystallized as large flat rhomboids 
on the walls of the container. The mother liquor was decanted, and the 
crystalline material was washed with ether and dried; first crop, 0.70 gm., 
m.p. 117-127°.! Ether was allowed to evaporate slowly from the mother 
liquor to give a second, less pure crop of 0.50 gm., m.p. 107—127°. The 
first crop (0.63 gm.) was recrystallized (charcoal) from ethyl acetate- 
cyclohexane (3:2) to yield 0.55 gm. of glittering colorless rhomboids, m.p. 
124-126°. For analysis, this material was recrystallized from ethy! ace- 
tate-cyclohexane (1:1); [a] —12.9°(e 1, H2O), m.p. 124-125°, unchanged 
upon admixture with synthetic (—)-m-HPHA. 


' Melting points are uncorrected and were measured in open capillary tubes. 
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C,H iO,4. Caleulated,? C 59.34, H 5.53; found, C 59.38, H 5.51 


A mixture of 50 mg. of (—)-m-HPHA isolated from urine and 50 mg. of 
synthetic (+)-m-HPHA was crystallized from 1.0 ml. of hot ethyl acetate; 
76 mg. were recovered; m.p. 159° (dec.), not depressed by admixture with 
synthetic dl-m-HPHA. 

The chromatographic behavior and physical properties of m-HPHA and 
m-hydroxyphenyllactic acid (m-HPLA) are listed in Table I; the ultra- 
violet absorption spectra are shown in Fig. 1. 

Excretion of (—)-m-Hydroxyphenylhydracrylic Acid by Humans—Samples 
of urine from more than 600 healthy and ill persons of both sexes, ranging 


TABLE I 
Properties of m-HPHA and m-HPLA 
(—)-m-HPHA | 
159(dee.)) 

Color with diazotized p-nitroaniline (15)*........... | Purple Purple 

sulfanilie acid (16)*........... Orange Orange 
Ry in iso-PrOH-aqueous NH;-H.O 0.37 | 0.417 
» BuOH-pyridine-dioxane-H.O (70:20:5:5).. 0.34 | 0.21 


* Bibliographic reference. 
+t The value of 0.51 reported previously (2) was a typographical error. 


in age from 2 days to 70 years, were extracted with the routine procedure 
described previously (2); the recovery of m-HPHA added to urine was 90 
per cent. The amount of m-HPHA present was estimated chromato- 
graphically in the manner described for the estimation of m-hydroxyhip- 
purie acid (3), with m-HPHA as a standard. It was found that persons 
eating a natural diet excrete from about 2 to 90 mg. of m-HPHA per gm. 
of creatinine, with most samples containing between 5 and 10 mg. per gm. 
of creatinine. Tor an average adult, this would correspond to a minimum 
of 2 mg. per day, 7 to 15 mg. per day for most individuals, and 150 mg. as 
an upper level. As with m-hydroxyhippuric acid, the amount of m-HPHA 
excreted when a well defined laboratory diet (3) was ingested fell to a very 
low level, well under | mg. per day. 


? Analyses were performed by the Weiler and Strauss Microanalytical Laboratory, 
Oxford, England. 
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m-Benzyloxybenzaldehyde—A mixture of 122.1 gm. (1.00 mole) of m-hy- 
if droxybenzaldehyde, 138.2 gm. (1.00 mole) of KeCO;, 182.9 gm. (1.05 
moles) of benzyl chloride, and 2 liters of dimethylformamide was stirred 
and heated at 100° for 3 hours. The mixture was cooled, poured into 6 
liters of water, and refrigerated overnight. The crude product was col- 
| lected, washed with water, and dissolved in 2 liters of ether. 


The ether 
solution was washed two times with 1 N NaOH and three times with water, 
dried over anhydrous NaSO,, shaken with charcoal, and filtered. 

: 


The 
filtrate was concentrated in vacuo, and the oily orange residue crystallized 


2.OF— 


Ex 


Fic. 1. Absorption spectra of m-HPHA and m-HPLA. Solid line, m-HPLA in 
0.1 N NaOH; dashed line, m-HPHA in 0.1 s NaOH; dashed line with two dots, m- 
HPLA in 0.1 ~ HCl; dashed line with one dot, m-HPHA in 0.1 ~ HCl. 
as colorless plates from cyclohexane; vield, 188.2 gm. (89 per cent theoreti- 
eal), m.p. 57-58° (literature, m.p. 54° (6)). 

3-m-Benzyloryphenylhydracrylic Acid—A suspension of 18 gm. (0.275 


gm. atom) of washed Zn dust (7) in 100 ml. of dry benzene (distilled from 
lithium aluminum hydride) was refluxed and stirred,’ while 25 ml. of a solu- 


tion containing 53.1 gm. (0.25 mole) of m-benzyloxybenzaldehyde and 45.9 
gm. (0.275 mole) of ethyl bromoacetate in 50 ml. of dry benzene were 
added, and a few crystals of iodine (or a small amount of Zn amalgam) 
were introduced to start the reaction. After the reaction had commenced, 

the remainder of the aldehyde-ester solution was added dropwise during 

minutes. 


The reaction mixture was refluxed and stirred for 2 hours 


* Equipment used for the Reformatski reaction was dried at 210° for 18 hours. 


240 260 280 300 320 340 
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after the addition of the aldehyde was complete, was allowed to cool over- 
night, and was poured into a mixture of 15 ml. of concentrated H.SO, and 
135 gm. of ice. A small amount of unchanged zinc complex, which col- 
lected at the interface, was dissolved by shaking the benzene layer with two 
50 ml. volumes of cold 5 per cent H2SO,. The benzene phase was washed 
with water, 1 N NaHCO; solution, and water, dried over anhydrous Na.S0,, 
and concentrated to dryness in vacuo at 30°. The crude hydracrylic ester 
(8) was dissolved in 150 ml. of EtOH and stirred with 250 ml. of 1 x NaOH, 
200 ml. of water were added, and the mixture was agitated for 20 minutes; 
the pH was maintained at 13 (Hydrion paper) by the addition of a few ml. 
of NaOH solution. The mixture was heated to the boiling point to dissolve 
the precipitated sodium salt, treated with charcoal, and filtered. The 
filtrate was cooled, acidified to pH 2 with concentrated HCl, and stored 
overnight at 5°; 64.9 gm. (95 per cent theoretical) of crude acid were re- 
covered. After recrystallization from ethylene chloride (95 per cent re- 
covery, two crops), short white needles were obtained, m.p. 95-97°. For 
analysis, the compound was recrystallized from ethylene chloride; m.p. 
96-97 °. 
Cell eOy. Calculated, C 70.56, H 5.92; found, C 70.46, H 5.93 


dl-8-m-H ydroxyphenylhydracrylic Acid—To a solution of 27.1 gm. (0.1 
mole) of m-benzyloxyphenylhydracrylic acid in 150 ml. of 95 per cent EtOH 
was added | gm. of PdO. Hydrogenation was effected at 40 to 50 pounds 
pressure; the uptake of hydrogen was theoretical after 8 hours. The 
catalyst was removed by filtration, the filtrate was concentrated to dry- 
ness 7n vacuo, and the residue was crystallized from ethyl acetate; 12.7 gm. 
(70 per cent theoretical) of white rhomboids were recovered, m.p. 156-157° 
(dec.); a second crop of 5.3 gm. (total yield, 99 per cent theoretical) was 
obtained by concentrating the filtrate to dryness and crystallizing the 
residue from ethyl! acetate-cyclohexane (1:1). For analysis, a sample was 
recrystallized from ethyl acetate (charcoal); m.p. 159° (dec.) 


CyHyoO,. Caleulated, C 59.34, H 5.58; found, C 59.58, H 5.42 


A suspension of 27.2 gm. (0.10 mole) of m-benzyloxyphenylhydracrylic 
acid in 250 ml. of liquid ammonia was agitated, and small slices of sodium 
(7.6 gm.) were added until the blue color persisted for 30 minutes. The 
mixture was neutralized with 17.7 gm. of NH,Cl and the ammonia allowed 
to evaporate overnight. The residue was dissolved in 250 ml. of 0.5 N 
NaHCOs, and the solution was extracted with four 100 ml. portions of 
ethyl acetate to remove bibenzyl and colored impurities. The aqueous 
phase was acidified with concentrated HCl to pH 1.8 and extracted with 
five 100 ml. volumes of ethyl acetate. The extracts at pH 1.8 were com- 
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bined, dried over anhydrous Na2SO,, treated with charcoal, and filtered. 
The colorless filtrate was concentrated in vacuo, and the residue was crystal- 
lized from ethyl acetate; 11.5 gm. of white rhomboids were recovered, 
m.p. 159° (dec.); a second crop of 4.2 gm. (total yield, 95 per cent theoreti- 
eal) was obtained by concentrating the filtrate and adding cyclohexane. 

Resolution of dl-m-Hydroxyphenylhydracrylic Acid—dl-m-HPHA (37.98 
gm., 0.209 mole) and 67.63 gm.(0.209 mole) of anhydrous quinine were dis- 
solved in 325 ml. of boiling absolute EtOH. The solution was treated 
with 3.25 gm. of charcoal, filtered, and the carbon cake washed with four 
25 ml. volumes of hot absolute ethanol. The filtrate and washings were 
combined and allowed to stand at room temperature for 3 days. The 
crystals were collected, washed twice with absolute EtOH, and dried over 
KOH and P.O; at 10 mm.; Crop A, 66.44 gm., m.p. 148-156°. This 
material was recrystallized from 250 ml. of boiling absolute EtOH (5 days 
at room temperature) to give 33.42 gm. of Crop B, m.p. 148-149°. Crop 
B was dissolved in 125 ml. of boiling absolute EtOH, and the solution was 
allowed to stand for 1 day at room temperature and 2 days at 5° before 
filtration. The quinine-(+)-m-HPHA crystallized as filamentous needles; 
Crop C, 28.20 gm., m.p. 148-149° (sample in bath at 130°, heating rate 2° 
per minute), [a];> —113.2° (e 1, absolute EtOH). Crop C was reerystal- 
lized from 105 ml. of absolute EtOH to yield 24.26 gm. of Crop D, melting 
point unchanged, [a]?" —113.3° (e 1, absolute EtOH). Crop D was sus- 
pended in 200 ml. of water, treated with 50 ml. of 2 N NaOH, and extracted 
with four 200 ml. portions of methylene chloride to remove quinine. The 
aqueous phase was acidified to pH 1.5 with concentrated HCI and extracted 
with four 200 ml. portions of ethyl acetate. The combined ethyl acetate 
extracts were dried over anhydrous Na.SO,, treated with charcoal, filtered, 
and concentrated in vacuo. The crystalline residue (8.65 gm.) was re- 
erystallized from 37 ml. of boiling ethyl acetate; 6.42 gm. of (+)-m-HPHA 
were recovered as glittering colorless rhomboids, m.p. 124-125°, |a]** +13.0° 
(ce 1, H2O). 

Attempts to obtain optically pure quinine-(—)-m-HPHA from the 
filtrates of Crops A and B were unsuccessful. These solutions were com- 
bined and concentrated to dryness in vacuo, and the residual quinine salt 
was converted to 25.18 gm. of free acid in the manner described above. 
This material was dissolved in a minimal volume (510 ml.) of boiling ethy] 
acetate, and the solution was seeded with dl-m-HPHA and stored at 5° 
overnight. The resulting crystals were collected on a filter, washed with 
cold ethyl acetate, and dried; Crop E, 13.90 gm., m.p. 156-157° (dec.). 
The filtrate from Crop E was concentrated to dryness in vacuo; the residue 
Was crystallized from ethyl acetate in the manner described above to yield 
5.37 gm. of Crop F, m.p. 153-155° (dec.), 2.43 gm. of Crop G, m.p. 120-136° 
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(dec.), and 1.30 gm. of Crop H (seeded with (—) acid), m.p. 125-126°. 
Four more crops (Crops I to L), totaling 3.29 gm., m.p. 124-126°, were 
recovered by fractional recrystallization of Crops E, F’, and G from ethy!| 
acetate. Crops H to L were combined and recrystallized (charcoal) from 
a minimal volume (15 ml.) of boiling ethyl acetate; 3.27 gm. of (—)-m- 
HPHA were recovered as colorless rhomboids, m.p. 124-125°, fa}? —13.3° 
(ce 1, 
DISCUSSION 

(— )-8-m-Hydroxyphenylhydracrylic acid has been unequivocally identi- 
fied as one of the major phenolic acids commonly present in human urine. 
The identification was accomplished by comparison of the properties of 
material isolated from urine with authentic (—)-m-HPHA. m-HPHA 
is excreted in about the same amounts as is m-hydroxyhippurie acid 
(m-HHA); this is true whether small (less than 2 mg. per day) or large 
amounts (more than 100 mg. per day) of each are excreted. When hu- 
mans who have been observed to excrete large amounts of the two com- 
pounds are given well defined laboratory diets, the amount of each compound 
excreted decreases to such an extent that it is almost undetectable. It 
thus appears that some dietary precursors give rise to them. The close 
correlation between the amounts of each excreted at varying levels is sug- 
gestive that the same precursor leads to both urinary metabolites. 

The finding that these two acids are derived from some material in the 
diet makes it seem probable that it will be fruitless to attempt to ascribe 
any significance to a variation in their excretion. Samples of urine from a 
large number of normal, healthy individuals of all ages and of patients suf- 
fering from various diseases have been examined for the pattern of excre- 
tion of phenolic acids. It was observed that many patients suffering from 
severe mental deficiency excrete very small amounts of m-HPHA and 
m-HHA; this was particularly evident in the case of some severely impaired 
patients with phenylketonuria. Other phenylketonuric patients with 
equally severe impairment excrete normal or high levels of the two acids, 
however, and considerable variation in the level of excretion has been ob- 
served in the same patient when samples were collected at different times. 
Thus, it seems certain that differences in dietary intake are responsible for 
the decreased excretion of m-HPHA and m-HHA and that the more 
severely retarded patients are apt to be given a less varied diet, with the 
consequence that smaller amounts of dietary precursors are ingested. In 
the other direction, it was observed that mentally ill patients, in general, 
seem to excrete much larger amounts of m-HPHA and m-HHA than do 
most normal people. Here again, however, large day to day variations in 
the amounts excreted, and the fact that many patients with poor appetites 
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and low food consumption excrete almost none of the two acids, point to a 
difference in the diet as the cause for the difference in the amounts of the 
compounds excreted. 

Recently, it has been reported that the amount of a material present in 
urine, and which gives an orange color with diazotized sulfanilic acid, Rp 
0.85 in n-butanol-HOAc-water (80:20:20), may be determined genetically 
(9,10). m-HPHA, Rp 0.85, and m-HHA, Ry, 0.78, in this solvent system, 
run together and are almost certainly the material estimated in the studies 
(9,10). The finding that these compounds have a dietary origin renders 
tenuous a possibility of a genetic significance for the amounts of the com- 
pound, Ry 0.85, present in the urine of different individuals. 

The problems encountered in the identification of m-HPHA serve to 
emphasize the uncertainty inherent in the identification of natural sub- 
stances in small amounts by the use of paper chromatography with or with- 
out concomitant use of spectrophotometry. The close similarity in some 
of the physical properties of (—)-m-HPHA and (—)-m-hydroxyphenyl- 
lactic acid provide an excellent object lesson in this regard. From Fig. 1, 
it may be observed that the ultraviolet absorption spectra of the two com- 
pounds are almost identical, not only in regard to the wave lengths of 
maxima and minima, but also in the molar extinction coefficients, when 
measured in both acidie and alkaline solutions. The chromatographic 
properties of the isomeric compounds (‘Table I) likewise show great similari- 
ties. Actual isolation of the natural substance was mandatory in order to 
complete its identification. 

Other 6-hydroxy acids which have been previously reported to occur in 
urine are (—)-8-hydroxybutyric acid (p configuration (11, 12)), which is 
sometimes excreted in large amounts in diabetes (13), and (—)-8-phenyl- 
hydracrylie acid, which was shown by Dakin to be excreted by dogs after 
the ingestion of B-phenylpropionic acid (14). It is not possible at this 
time to assign a configuration to (— )-m-HPHA. 

Further experiments will be necessary to establish the nature of the diet- 
ary precursors for m-HPHA and m-HHA and of the pathway by which 
they are formed. 


We are indebted to Patricia E. Wall and Eleanor Bethsold for their as- 
sistance in carrying out much of the chromatographic work. 


SUMMARY 


(— )-8-m-Hydroxyphenylhydracrylic acid has been identified as one of 
the major phenolic acids present in most samples of human urine. The 
amount excreted daily by adults ranges from 2 to 150 mg., with most indi- 
viduals excreting about 10 mg. Both m-hydroxyphenylhydracrylic acid 
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and m-hydroxyhippuric acid originate, for the most part, from materials 
in the diet. 
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GASTROINTESTINAL DIGESTION OF STARCH 
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Previous papers have dealt with the identification, partial separation, 
substrate requirements, and properties of the intestinal carbohydrases in- 
volved in terminal starch digestion (I-4). The question of the bacterial 
origin of these enzymes was previously examined. Intestinal extracts 
prepared in the usual manner and filtered through bacteriological filters 
were shown to contain enzymatic activity (1). Enzymatic activities of 
intestinal extracts prepared from hogs fed a normal ration were compared 
with those from hogs fed an antibiotic mixture sufficient to elicit a growth 
response, and no differences were noted (1). In the present experiments, 
intestinal extracts from germ-free and normally reared rats have been 
studied. The results indicate that intestinal carbohydrases are present 
in rats reared in the germ-free state in levels comparable to those present 
in non-germ-free animals. Since enzymatic activities of extracts prepared 
from single animals vary and the number of animals examined was limited, 
the question of a bacterial contribution to enzymatic activity is unset- 
tled. 


Materials and Methods 


Animals—Gastrointestinal tracts from germ-free and non-germ-free 
rats (Holtzman strain) were obtained from the Lobund Institute at the 
University of Notre Dame.' In addition, gastrointestinal tracts from nor- 
mal animals were obtained from our local stock colony.2 In this discus- 
sion, the non-germ-free animals (Notre Dame) will be referred to as con- 
ventional rats, and the animals from the University of Illinois will be 
referred to as local rats. The animals used are listed in Table I, together 


* Supported in part by a grant from the National Science Foundation. 

' We are indebted to Dr. J. A. Reyniers and Dr. M. Wagner for supplying the germ- 
free and conventional gastrointestinal tracts, together with information concerning 
the past history and diets of the animals. The availability of germ-free animal 
material was aided by a contract between the Office of Naval Research, Department 
of the Navy, and the University of Notre Dame, No. NR: 113-067; and by the 
United States Public Health Service grant No. A-566. 

? The animals reared locally were of the Holtzman strain. 
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with pertinent data concerning previous history. Both germ-free rats, 
which were litter mates, and the conventional animals were fed the auto- 
claved Diet L-356 (Table II). The local animals were fed a diet of com- 
mercial laboratory chow.* 

The rats from the Lobund Institute were killed by exsanguination (car- 
diac puncture) under ether anesthesia. Gastrointestinal tracts were tied 
off at the esophagus and distal colon, and were excised and immediately 
frozen in specimen jars immersed in a nitropropane-dry ice mixture. Spee- 
imens, transported in the frozen state to Urbana, were stored at —12° 
until processed.‘ The local animals were killed by a blow on the head, and 
the gastrointestinal tracts were removed, immediately frozen in sterile 
glass jars, and stored at —12° until used. It is of interest to note that ceca 


TABLE I 
Data on Rats Used in Experiments 
Rat No. Status Age Weight Sex Diet 
days gm 

133 Germ-free «148 260 M. L.-356 

134 | 143 278 L-356 

138 | 148 234 F. L-356 
1001 Conventional | 130 432 M. | L-356 
1002 | 130 400 L-356 
1005 | 133 260 L.-356 

1 Local | 275 M. Laboratory chow 
2 | 310 | 
3 | 206 | F. | 


of the germ-free intestinal tracts were grossly enlarged, compared to those 
of either conventional or local animals (5). 

Preparation of Extracts—Intestines were thawed for 14 hours at 4°, and 
slit open with sterile scissors, and mucosa removed by scraping with a 
sterile knife. Intestinal contents were not removed prior to scraping. 


3 Purchased from the Royal Feed and Farm Supply Company, Champaign, Illi- 
nois. The composition of the diet is as follows: crude protein not less than 23.0, 
crude fat not less than 5.0, crude fiber not more than 6.0, and non-fat extract, not 
less than 44.0 percent. The ingredients are meat meal, dried skim milk, wheat germ, 
fish meal, liver meal, dried beet pulp, corn grits, oat middlings, soy bean oil meal, 
dehydrated alfalfa meal, cane molasses, vitamin By,» feed supplement, brewers’ dried 
yeast, thiamine, niacin, vitamin A feeding oil, vitamin D-activated plant sterol, 0.5 
per cent defluorinated phosphate, 0.5 per cent iodized salt, 0.02 per cent manganese 
sulfate. 

4It has been shown that freezing and thawing hog intestine increase the specific 
activity of the intestinal carbohydrases (2). 
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Since Seiji has shown that the intestinal carbohydrases are secreted into 
the lumen of the gastrointestinal tract (6), it seemed desirable to assay 
both mucosa and intestinal contents. The material was ground with 
sand, a sterile mortar and pestle being used as previously described (1). 


TaBLeE II 
Composition of Diets 
Diet L-356 
Ca pantothenate, mg.................. 30 
| 


The diets were autoclaved at 17 lbs. pressure for 25 minutes. 
*2 gm. of this mixture were employed. 


Hlomogenates were centrifuged at 14,000 r.p.m. for 30 minutes in sterile 
stainless steel cups in the Servall centrifuge, model SS-1. Extracts were 
filtered through Whatman No. | paper and dialyzed for 15 hours at 4° 
against 0.85 per cent saline containing 0.001 mM Versene, pH 7.4. Extracts 
were either tested immediately or stored at —12° until assayed. 
Assuming a generation time of 30 minutes at 30°, a Qyy of 2, no lag phase, 


282 GERM-FREE INTESTINAL CARBOHYDRASES 


and no inhibition by intestinal products, it can be calculated that a max. : 
imal growth of about five and one-half generations could occur during the 
14 hour period of thawing at 4°. That bacterial growth during this time | 
period is not significant is shown by the fact that equal numbers of colonies 
were cultured from extracts dialyzed for 15 hours at 4° in the presence or 
absence of toluene (Table IIT). 

Bactervological Technique—1 gm. samples of intestine were obtained 


TaBLeE III 
Bacterial Counts of Intestine and Intestinal Extracts 
| Bacterial counts 
Rat No. _ Length of time frozen 
| Whole intestine | Intestinal extracts 
| days colonies per gm. X 108 | colonies per ml. * 1 
138 12 | 4.87 | 0.720 
| | 0.360* 
134 24 0.39 | 0.020 
| 0.040* 
133 31 | 0.05 | 0.006 
0 .009* 
1002 12 100.00 | 
1001 24 | 3.36 | 0.110 
| | 0 .070* 
1005 | 31 | 0.54 0.030 
| | | 0 .045* 
] 1 | 432.00 
| 2t 
2 | 1 384 .00 2T 
3 | 1 105.00 2t 
| 2t 


* Counts were made after dialysis of the extracts in the presence of toluene. 
t Counts were made from extracts diluted 1:1000. The number of colonies was 
too few to estimate counts more accurately. 


aseptically and weighed in sterile covered dishes. Samples were transferred 
to glass homogenizers of the Potter-Elvehjem type and homogenized for 
10 minutes with 9 ml. of sterile physiological saline per gm. of tissue. 

Bacterial counts were made on the samples of intestinal homogenates 
and on the extracts by plating in duplicate and preparing deep agar cultures 
to check for anaerobic bacteria. The following medium was used for both 
plates and deep cultures: tryptone 1.0, veast extract 1.0, K2HPO, 0.5, glu- 
cose 0.5, and agar 1.5 per cent, at pH 7.2. All the plates and deep cultures 
were incubated for 72 hours at 37°. 

Analytical—Oligo-1 ,6-glucosidase and maltase activities were deter- 


J. LARNER AND R. E. GILLESPIE IS3 


mined with isomaltose and maltose as substrates by spectrophotometric 
assay (1). Invertase activity was determined by increase in reducing power 
of reaction mixtures after deproteinization with Ba(OH).s and ZnSO,.° Fur- 
ther details are given in Table III. The source or method of preparation 
of the components of the spectrophotometric assay system has been pre- 
viously given (1). Commercial sucrose was recrystallized from alcohol 
before use. The method of Nelson was used for determination of reducing 
power (7). Protein was determined by precipitation with trichloroacetic 


acid (1). 
Results 


Bacterial Counts—Intestines were processed after varying periods of 
storage in the frozen state. Bacterial counts made on intestinal homoge- 
nates and extracts are recorded in Table III. 

Colonies appearing on plates inoculated with homogenates from both 
conventional and local rats were of several tvpes, while those of the germ- 
free rats, With one exception, appeared to be a pure culture of Micrococcus. 
A gas-producing Gram-positive spore-forming rod was noted on the plates 
prepared from germ-free Rat 134. There was no indication from the deep 
agar cultures of strict anaerobes. The colonies were located chiefly in the 
upper two-thirds of the culture tubes. Gas-forming organisms were found 
in culture tubes of intestinal homogenates from Rats 134 and 1001. 

The number of colonies per gm. of intestine for the local animals is lower 
than the values previously recorded in the literature for the rat, the values 
being of the order of 10° colonies per gm. of dry weight intestinal contents 
(8). This great difference is explained by the loss of microorganisms sensi- 
tive to freezing and thawing. Variation in the counts from the local ani- 
mals was from 105,000 to 432,000 colonies per gm. of tissue. With the 
intestines from both conventional and germ-free animals, it was noted that 
the longer the period of storage in the frozen state, the smaller the number 
of viable organisms. For example, during a 19 day period, the number of 
colonies per gm. of intestine for the conventional animals decreased from 
100,000 to 535, and for the germ-free animals from 4870 to 45. Similar 
decreases of bacterial populations in frozen tissue and food have been re- 
ported (9). 

The number of colonies from the germ-free intestinal homogenates is 
explained by contamination by common laboratory organisms subsequent 
to removal of gastrointestinal tracts from the animals, which were taken 
from germ-free units prior to being killed. For convenience, tissues were 
handled and stored in clean but non-sterile containers. 


*In a preliminary experiment the time-course of the hydrolysis was found to be 
essentially linear under these conditions. 
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Enzymatic Activity—Enzymatic activities of dialyzed extracts were de- 
termined with isomaltose, maltose, and sucrose as substrates (Table IV), 
Variation in enzymatic activities of all three groups of animals is evident. 
Invertase activities of the extracts from germ-free and conventional rats 
and maltase activities of the extracts of germ-free rats were the most uni- 
form of the enzymatic activities tested.6 It is of interest that the extract 
prepared from Rat 2 had the lowest enzyme activities of the nine animals 
tested. With lactose as substrate (0.4 ml. of extract), no activity was de- 


TABLE IV 


Carbohydrase Activities in Intestinal Extracts of Germ-Free and Control Rats 


Enzymatic activity* 


| | Maltase  Invertaset 

| mg. per mi. | units per mi. units per ml. 
138 | 3.9 | 369 | 2575 | 115 
133 | 4.6 | 266 | 2610 101 
134 | 5.3 226 2870 103 
1001 6.0 380 | 3100 168 
1002 3.2 391 a 
1005 4.9 | 528 | 4310 | 173 
1 6.9 | 416 | 3210 | 131 
2 7.5 232 | 2060 22 
3 6.3 430 | 2890 | 96 


* The reaction mixture was as previously described (2). 0.1 ml. of extract was 
used in the oligo-1,6-glucosidase assay, 0.02 ml. of extract in the maltase assay. 

+ The reaction mixture contained sucrose 0.5 mM, 0.05 ml., extract 0.1 ml., final 
volume 0.3 ml. The figures, with the exception of extracts from Rats 133 and 3, are 
the averages of two separate determinations. 


tected with extracts prepared from Rats 1 and 1001. Previous work has 
indicated that intestinal lactase activity is of a low order of magnitude 
when compared to that of maltase and invertase (10). In contrast to hog 
intestinal mucosal extracts, those prepared from Rats 133, 1005, and 3 
(0.05 to 0.1 ml.) were inactive with nigerose as substrate (4). 


DISCUSSION 


It is clear from these experiments that extracts prepared from germ-free 
intestinal tracts contain invertase, maltase, and oligo-1,6-glucosidase ac- 
tivities. 

6 Calculated as specific activity (units per mg. of protein), activities are less uni- 
form than those noted in Table IV. 
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The data indicate that the intestinal carbohydrases are synthesized in 
germ-free rats. Levels of enzymatic activity are comparable to those 
found in non-germ-free animals. Individual variation within groups of 
animals was of the order of 2- to 6-fold. For this reason, the possible role 
of intestinal bacteria contributing either directly or indirectly to enzymatic 
activity is undetermined. 


SUMMARY 


Oligo-1 ,6-glucosidase, maltase, and invertase activities were found to be 
present in comparable levels in intestinal extracts prepared from germ-free 
and non-germ-free rats. Intestinal microorganisms are therefore not 
responsible to any major extent for the production of these intestinal en- 


zymes.’ 
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Several lines of direct and indirect evidence favor ammonia as a ‘‘key 
intermediate”? in symbiotic and non-symbiotic nitrogen fixation. When 
N-labeled molecular nitrogen or ammonia has been supplied for short 
periods to a variety of nitrogen-fixing agents, the pattern of N!® distribution 
among their various amino acids, purines, and pyrimidines always has been 
essentially the same (1-5). These distributions indicate the importance 
of ammonia, but more direct evidence for its role in nitrogen fixation was 
supplied by the observation (6) that Clostridium pasteurianum fixing N»'° 
excreted free ammonia with a much higher concentration of N'® than that 
of any other compound isolated. The kinetics of nitrogen fixation by 
Azotobacter vinelandii was followed with N.!* in short term experiments by 
Allison and Burris (7), and ammonia again appeared to be the first demon- 
strable product. 

The object of the present kinetic study of the metabolism of ammonia 
by the nitrogen-fixing organism A. vinelandii was, first, to see how the N' 
distribution among the various amino acids, purines, and pyrimidines 
varies with time when the organism utilizes ammonia instead of fixing 
nitrogen, and, second, to compare the ammonia metabolism by a nitrogen- 
fixing organism with that of a non-nitrogen-fixing organism. In order to 
determine precursor-product relationships from kinetic studies, it is neces- 
sary to maintain essentially ‘‘steady state’’ conditions in the system; there- 
fore an attempt was made to approximate such conditions in studying the 
use of N'5H4t+ by A. vinelandii. 


EXPERIMENTAL 


Three 7 liter, aerated cultures of A. vinelandii were grown at 30° in 10 
liter serum bottles on Burk’s nitrogen-free medium (8). After 18 hours, 
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when the bacteria still were in the exponential phase of growth, the three 
cultures were mixed quickly to insure uniformity and were divided equally 
again among the three bottles. Vigorous aeration was continued for 
another 15 minutes, and then one-third of the (NH4)2S8O,4 solution obtained 
by distillation of 550 mg. of N'!HyNOs; containing 60 atom per cent N& 
excess was added to each. The bacteria were killed by addition of 80 ml. 
of 6N HCl to each bottle (pH was lowered to about 2) 1, 2, or 5 minutes 
after supplying the N'®H,*. Aeration was continued for a few minutes to 
insure rapid mixing. This method of killing with acid extracted some of 
the free amino acids from the cells into the medium, but the method ap- 
peared to be the best compromise between rapidity of killing and loss of 
free amino acids (7). The term ‘‘medium ”’ placed in quotation marks will 
designate the culture medium plus the materials extracted from the cells 
by the HCI used for inactivation. 

Immediately after being killed, the cells were separated in the Sharples 
centrifuge. Approximately 30 gm. of wet cell paste were obtained from 
each experiment. The cells were hydrolyzed for 24 hours with 6 N HCl 
under a reflux, the hydrolysates were refiltered, and the filtrates were re- 
peatedly evaporated to dryness after successive additions of water. Each 
hydrolysate was adjusted to 100 ml., and 20 ml. of this solution (approxi- 
mately 100 mg. of N) were subjected to chromatographic separation on a 
column of Dowex 50 in the H* form (9, 10)... Theaminoacids, purines, and 
pyrimidines isolated were tested for purity and identity by paper chromatog- 
raphy and ultraviolet spectrophotometry. Aspartic and glutamic acids 
were freed from traces of serine and threonine on columms of Amberlite 
IR-4B. Identities were established for all except one compound in the 
eluate, and the compounds were analyzed for N'® with a Consolidated-Nier 
mass spectrometer. 

The acidified ‘‘media’”’ remaining after the separation of the cells were 
adjusted to pH 10 with Ba(OH)s, and each was concentrated by vacuum 
distillation to about | liter. Ammonia captured in acid during the vacuum 
distillation was analyzed for N'®. Barium was removed from the concen- 
trated solutions as BaSO,, and the pH of each ‘‘medium”’ was adjusted to 
2 with H.SO,. The ‘‘media”’ were difficult to analyze because they carried 
much sugar and salts. Each fraction was partially freed from these inter- 
fering substances by being passed through a 24 X 5 em. column of 
Dowex 50 (H+ form), and the column was washed with water until the 
eluate was free from sugar. The amino acids then were eluted from the 
column with 6 x HCI, were freed from acid by repeated vacuum distillation, 
and small amounts at a time were desalted electrolytically (11). 

Preliminary analysis of each ‘‘medium”’ by two-directional paper chro- 
matography revealed only a few amino acids. Glutamic acid was abun- 
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dant, and aspartic acid was present only in traces. Alanine, valine, and 
leucine were rather abundant, glycine was present in much lower amounts, 
and two or three very faint spots were not identified. A heavy band of 
each concentrated ‘‘medium” was placed on a 46.5 X 57 em. sheet of What- 
man 3MM filter paper, and the amino acids were partially separated by 
one-directional chromatography with phenol-water. The glutamic acid 
recovered was over 95 per cent pure, whereas other compounds were iso- 
lated as mixtures from the bands on the chromatograms. The compounds 
in the individual bands were eluted and analyzed for N!. 


qT T T T T T 
ATOM % ATOM % 
EXCESS EXCESS 
MEDIUM 16.0F GLUTAMIC 
(Scale x 10 ACID 
0.2F - 
CELL 
HYDROLYSATE 
MINUTES 
Fig. 1 Fic. 2 


Fic. 1. Distribution of N'® between the ‘‘media’’ and the hydrolyzed cells after 
supplying N!5H,* to growing cultures of A. vinelandii for 1, 2, and 5 minutes. The 
scale for the ‘‘media’’ has been compressed by a factor of 10. 

Fic. 2. Concentration of N'® in the few fractions isolated from the ‘‘media,”’ 
after supplying N'5H,* to growing cultures of A. vinelandii for 1, 2, and 5 minutes. 
Band B is composed of glycine and alanine and band C of valine and leucines. 


Results 


Fig. 1 shows how the atom per cent N! excess increased with time in the 
cell hydrolysate and in the ‘‘medium.’”’ As the N!® concentration in the 
“medium” was over 10-fold that in the cell hydrolysate, the scale for the 
‘medium’? has been compressed by a factor of 10. The N!® concentration 
of the ammonia recovered from the ‘media’? during vacuum distillation 
in the presence of excess Ba(OH )2 decreased linearly with time. Recovered 
ammonia had 58.8, 57.7, and 54 atom per cent excess N'® after 1, 2, and 5 
minutes, respectively. 

From Fig. 2 it is apparent that, among the few fractions recovered from 
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the “media,” glutamic acid had the highest concentration of N!; the 
glutamic acid in the 5 minute sample had almost 8 atom per cent N! excess. 
Band B was composed of alanine and traces of glycine, and band C of 
valine and leucine. 

The data recorded in Figs. 3 to7 indicate the concentrations of N!° in the 
various nitrogenous compounds isolated from the cell hydrolysates. The 
compounds recovered included amino acids, pyrines, pyrimidines, and 
ammonia. 


DISCUSSION 

From the data presented (Figs. 1 to 7) it is apparent that A. vinelandii, 
which has been actively growing on molecular nitrogen as its sole source 
of nitrogen, is able to use ammonia immediately, for even after 1 minute’s 
exposure to N!°H,* all the amino acids, purines, and pyrimidines isolated 
carried a readily measurable amount of N!°. This verifies earlier observa- 
tions made in this laboratory (1), and again suggests that organisms which 
utilize N» actually are forming NH,* as an intermediate and hence have all 
the enzymes necessary for its immediate use when it is supplied from an 
external source. 

As mentioned earlier, the acid-killing method extracted some nitroge- 
nous compounds from the cells (“medium” indicates that compounds ex- 
tracted from the cells by HC] are included with the true medium). Though 
extensive fractionation of the ‘‘media’’ was not feasible, it was strikingly 
apparent that the ‘“‘medium’”’ accumulated approximately 50 times as high 
an atom per cent N' excess in 1 minute as did the cells, and it remained 
15 times more enriched even after 5 minutes exposure to N'°H,*. These 
results clearly indicate that the relatively small amount of nitrogen found 
in the ‘“‘media’’ was newly formed, or ‘‘juvenile.”” Apparently the am- 
monia entering the cells is used rapidly for the synthesis of free amino acids, 
and, as the pools of amino acids are small, the N'® concentration of the 
free amino acids increases rapidly. Synthesis of proteins from the free 
amino acids might be judged to be relatively slow (see the results of Britten 
etal. (12) with Escherichia coli) from examination of the N'® concentrations 
observed in the cell hydrolysate fractions, but this may reflect only the 
higher concentration of protein-bound amino acids which act as diluents 
of the N' in the cell hydrolysates. 

The curve obtained by plotting atom per cent excess N'® of the ‘‘me- 
dium”’ against time extrapolates to zero time with a strongly positive slope 
(Fig. 1). It is evident that the pools of free amino acids pick up N'® with 
no detectable lag, whereas the amino acids from the cellular proteins (cell 
hydrolysates) increase sharply with time in their rate of N!> incorporation. 
This response of the cell hydrolvsates is reflected in the curves obtained for 
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individual amino acids, purines, and pyrimidines from the hydrolysates, for 
these curves also exhibit increasing slopes with time. 

The data suggest that added ammonia enters the cells rapidly and is 
incorporated into amino acids with no appreciable delay. Excretion from 
the pools of amino acids so formed probably is not extensive, judging from 
the very limited amount of nitrogen passed into the medium by rapidly 
growing cultures of A. vinelandii. However, when cells are killed with 
acid, the pools of nitrogen are extracted extensively into the ‘‘medium,”’ 
as reflected by the results shown in Fig. 1. These considerations may im- 
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kia. 3. Coneentration of N'\ in amino acids and ammonia isolated from the cell 
hydrolysates after supplying N'°H,* to growing cultures of A. vinelandii for 1, 2, 
and 5 minutes. 


ply synthesis of amino acids near the surface of the cells, but this is not an 
obligatory conclusion. 

The lag in N'* accumulation into proteins (lig. 1, cell hydrolysate curve) 
suggests that the site of protein synthesis within the cell is different from 
the site of amino acid synthesis, and that transport of the amino acids may 
limit the rate of incorporation of N!> into proteins. This same conclusion 
was reached from the data obtained with A. vinelandii fixing Ne!® (7). 
One can picture that, under the experimental conditions employed, the 
N'H,+ added quickly passed into the cells and increased the NH,4* con- 
centration above the steady state level; this accelerated amino acid syn- 
thesis. That the greatest slope of the ‘‘medium” curve (Fig. 1) appeared 
in the 0 to 1 minute period may be attributed to a decrease with time in 
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the NH,* concentration or, more likely, a decrease in the concentration of 
a-keto acid acceptors for the NH,*. The increase in the pool of NH, 
probably was sufficient to enhance the rate of amino acid synthesis, but 
the increase in the pool of amino acids apparently was proportionately 
much less and had Jess influence on the rate of protein synthesis.  Trans- 
port of the newly synthesized amino acids to another site for protein syn- 
thesis could account for the initial lag and increasing rate of N'® incorpora- 
tion into cellular proteins with time. 

Among the few amino acids isolated from the ‘‘medium,”’’ glutamic acid 
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Fic. 4. Concentration of N' in amino acids and ammonia isolated from the cell 
hydrolysates aftersupplving N'°H,* togrowing cultures of A. vinelandii for 1,2. and5 
minutes. 

Fic. 5. Same as Fig. 4. 


had by far the highest N!'° concentration (Fig. 2); its N'® concentration 
Was several times that of the cellular glutamic acid, for the killing procedure 
doubtless extracted the most recently formed glutamic acid from the cells. 

From Figs. 3 to 7 it is clear that glutamic acid in the cells had a higher 
concentration of N'® than any other amino acid, purine, or pyrimidine. 
There was a considerably greater differential in N'® concentration among 
the amino acids after 1 minute than after 5 minutes. Though within 5 
minutes threonine and uracil became strongly labeled, still their N'® con- 
centrations were only about half that of glutamic acid. This rapid la- 
beling of glutamic acid indicated that the formation of glutamie acid is a 
primary process in ammonia metabolism, as in nitrogen fixation (7). 
The importance of glutamic acid appears to be general, for in the non- 
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nitrogen-fixing autotrophic hydrogen bacterium, //ydrogenomonas facilis, 
glutamic acid also is the primary product formed.! 

Comparison of the N!® distribution among the nitrogenous products as 
presented in Figs. 1 to 7 with those obtained in a study of the kinetics of 
nitrogen fixation (7) shows close similarities. Distribution of N'> between 
the cells and the ‘‘media”’ is almost the same. The nearly identical pat- 
terns of N!® distribution with time strongly support ammonia as a “key 
intermediate” in nitrogen fixation. 

The ammonia metabolism of A. vinelandii and its distribution of N'® also 
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Fic. 7. Concentration of N'°in some of the purines and pyrimidines isolated from 
the cell hydrolysates after supplying N'®H,* to growing cultures of A. vinelandii for 
1, 2, and 5 minutes. 


are strikingly like that of the non-nitrogen-fixing H. facilis! growing auto- 
trophically. It is clear that there is unity in the nitrogen assimilation of 
diverse organisms, and ammonia appears to play a key role in all the or- 
ganisms studied. 

There was a surprisingly rapid incorporation of N'°H,* into the purines 
and pyrimidines. Uracil had 0.585 atom per cent excess N!° after 5 min- 
utes, which was a higher concentration of N'® than that of any amino acid 
except glutamic acid. Cytosine was also labeled rapidly. Unfortunately, 
the amounts of thymine isolated were insufficient for N'° analysis. Xan- 
thine, adenine, and guanine incorporated from at rates compara- 
ble to its incorporation into most amino acids. 


' Hayashi, K., personal communication. 
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Although the kinetic data presented here are insufficient to define the 
modes of syntheses of the various nitrogenous constituents of A. vinelandii, 
it is apparent that the formation of glutamic acid is the primary process jn 
the utilization of ammonia by A. vinelandii. This also is substantiated 
by the demonstration of the presence of glutamic dehydrogenase in cell- 
free preparations from the organism (13). When N!5H,4* was supplied to 
cell-free preparations of A. vinelandii in the presence and absence of added 
a-ketoglutarate, glutamic acid carried the highest N'° concentration among 
the compounds isolated.2, Once glutamic acid is formed, other amino acids 
can be derived from it through transamination. It is possible that some 
aspartic acid was formed from fumaric acid and ammonia by action of 
aspartase, but the level of N'® in aspartic acid does not support its role as 
a primary product, and aspartic acid may have been formed entirely by 
transamination. Assimilation of ammonia directly into asparagine and 
glutamine could have occurred, but the data are inadequate to test this 
point. No attempt was made to determine the route of incorporation of 
ammonia into purines and pyrimidines. 


SUMMARY 


Cultures of Azolobacter vinelandii growing exponentially and fixing N, 
were supplied N'°H,* for 1, 2, or 5 minutes before being inactivated with 
HCl. The cells and the ‘‘media”’ (after acidification) were separated, 
fractionated, and analyzed for N*. 

The N' concentration of each ‘‘medium’”’ was much greater than that 
of the corresponding hydrolyzed cells; hence the nitrogenous compounds 
in the ‘“‘medium”’ were newly formed from N!°H,*. Extrapolation of curves 
for the “‘medium”’ revealed no lag in the incorporation of N!°, but a short 
lag was apparent in the assimilation of N° into the cellular constituents. 

The distribution of N'® from N!5H,* was highly similar to that observed 


earlier when N,.'® was supplied to A. vinelandii. 
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Previous work in this laboratory has shown that significant changes 
occur in the nucleic acid concentrations of certain tissues of tumor-bearing 
mice and rats (1-6). Since the lymphatic system appears to play an im- 
portant role in the mechanism of tumor immunity, we were interested in 
determining the effect of a growing tumor upon the nucleic acid content of 
the lymphoid organs. The data in this paper show that a tumor has a 
pronounced effect upon the nucleic acids of the lymphoid organs. 


EXPERIMENTAL 


Male rats of the Wistar strain (Carworth Farms, Inc.), weighing about 
150 gm., were employed in this study. The animals were implanted with 
Walker carcinoma No. 256 in the pectoral region, and groups of these tumor- 
bearing rats were killed at intervals thereafter. Similar groups of controls 
of the same age and weight range were killed concurrently. Two methods 
of killing were employed: (a) mild ether anesthesia followed by decapita- 
tion and (6) intraperitoneal injection of a lethal dose of sodium Amytal 
(75 mg. per rat). Except in the case of the spleen, no difference in the 
nucleic acid content of the tissues analyzed, as a result of the method of 
sacrifice, could be detected. 

The bone marrow was removed from both femurs by means of a hypo- 
dermie syringe, expelled into a vial, and quickly frozen. It was then 
lyophilized. By this procedure, usually 25 mg. of material were obtained 
from each rat. 

The tumor, axillary lymph nodes, thymus, and spleen were removed and 
weighed. All tissues were homogenized individually in distilled water at 
0°. 2 ml. aliquots of thymus, lymph node, and spleen homogenates were 
used for nucleic acid and dry weight determinations. For the latter, the 
aliquot was dried to constant weight at 100—110°. 

The nucleic acids were extracted with hot trichloroacetic acid according 
to the method of Schneider (7). The final volume of bone marrow extract 
with trichloroacetic acid was 3 ml. The pentose nucleic acid (RNA) was 
determined by the method of von Euler and Hahn (8), and the deoxyribo- 
nucleic acid (DNA) by that of Stumpf (9). 

* This investigation was supported in part by research grants No. C-1370(C4) and 
No. C-1370(C5) from the National Cancer Institute, Public Health Service. 
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Results 


In Table I are presented the data on the RNA and DNA contents of the fo 
various tissues of normal and tumor-bearing rats during the experimental] 


TABLE I de 
Nucleic Acid Content of Lymphoid Organs of Normal - 
and Tumor-Bearing Rats 7 
t 
Dry weight 
Tissue Per cent tumor No. of Ww 
DNA RNA ay 
mg. per gm. mg. per gm. 

Thymus Control 46 184 + 2.2* 34.7 + 0.4* 
2.6 + 0.8* 18 163 + 4.4 31.9 + 0.8 7 

5.8 + 0.2 26 158 + 9.0 30.9 + 1.0 

12.4 + 0.4 29 147 + 6.9 28.4 + 2.6 

17.8 + 0.4 15 140 + 12.8 29.1 + 2.0 
24.0 + 1.8 5 127 + 10.0 24.4 + 3.7 : 

28.5 + 0.7 9 104 + 5.7 23.4 + 1.7 

Lymph nodes Control 32 100 + 2.1 42.2 + 1.0 

2.7 + 0.8 20 91.74 2.8 39.0 + 0.9 

5.6 + 0.5 21 87.0 + 2.8 34.8 + 0.8 

8.4 + 0.2 7 80.1 + 65.4 35.0 + 0.6 

12.4 + 0.4 i) 77.6 + 4.4 34.3 + 1.6 

16.8 + 0.6 7 84.24 5.0 31.7 + 2.2 

24.0 + 2.1 5 77.0+ 3.2 27.7 + 1.1 

Lyophilized weight 

Bone marrow Control 20 89.5 + 1.9 33.9 + 0.6 | 
2.8 + 0.4 9 81.9 + 2.8 40.4 + 2.9 | 

5.7 + 0.4 19 84.54 2.0 42.7 + 1.2 

8.4 + 0.3 6 81.84 2.9 48.7 + 0.8 

13.4 + 0.5 16 86.9 + 2.7 54.3 + 2.8 

18.5 + 0.6 6 83.5 + 1.7 58.1 + 2.5 

24.0 + 2.1 5 82.34 3.3 62.5 + 2.2 


* The values given are the means + the standard errors. The standard 
errors include not only those of the analytical method but also variations between 
individuals. 


period. In the case of the controls, the animals were killed at various 
times, but since the values of the nucleic acids did not essentially differ 
from one another, they have been incorporated into one group. The experi- 
mental values have been classified according to tumor size rather than to 
days after implantation. This had empirically been found to result in less 
variation. 


FE. BRESNICK AND L. R. CERECEDO 299 


The changes occurring in the various tissues may be summarized as 
follows. 

Thymus—The thymus weight was found to decrease with progressive 
increases in tumor size. This had previously been noted (10-12). A 
decrease in the DNA and RNA concentrations was observed even in ani- 
mals with a tumor of a size representing as little as 2.6 per cent of the 
body weight. The nucleic acid concentrations progressively decreased as 
the tumor size increased. With a large tumor (28.5 per cent of the body 
weight), this decrease in the DNA and RNA concentrations amounted to 
approximately 40 and 30 per cent, respectively. 


TaB_Le II 
Nucleic Acid Content of Spleen of Normal and Tumor-Bearing Rats 


| Per cent tumor No. of — 

Method of sacrifice 

| DNA RNA 

| mg. per gm. mg. per gm. 

Ether decapitation | Control dll | 7.824 4.6* 31.7 + 2.0* 
3.040.2° | 12 | 91.34 2.8 | 38.3 + 1.7 
15.8 + 1.0 9 | 1320+ 4.2 | 53.4+42.7 
36.6 + 4.2 6 118.0 + 4.8 53.7 + 3.2 

Amytal Control 11 46.6 + 2.6 16.9 + 2.6 
2.8 + 0.2 9 62.5 + 17.1 20.8 + 4.7 
5.3 + 0.2 10 73.8 + 7.1 30.7 + 5.0 
8.4 + 0.3 7 86.0 + 9.5 30.7 + 5.0 
13.2 + 0.5 7 102.1 + 3.0 43.6 + 3.4 


* The values given are the means + the standard errors. The standard errors 
include not only those of the analytical method but also variations between indi- 
viduals. 


Lymph Nodes—A definite decrease in the RNA concentration of this 
tissue was Observed. Again, this decrease was dependent upon tumor size. 
With a large tumor (24 per cent of the body weight), the drop in the RNA 
concentration amounted to approximately 25 per cent. 

Bone Marrow—The bone marrow, on the other hand, underwent a differ- 
ent type of change. The RNA concentration showed an extremely large 
increase, depending upon tumor size. With a tumor which was 24 per cent 
of the body weight, the increase in RNA was approximately 80 per cent. 

Spleen—In Table II are presented the data on the nucleic acids of the 
spleen, with the two different methods of sacrifice. Concurrently with 
the increase in tumor size, there resulted an increase in the concentration 
of both nucleic acids, thus confirming the data in a previous report (1). 
The data further show the effect of the two different methods of killing the 
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rats upon the nucleic acids of spleen. The nucleic acid values of the spleens 
of the animals killed by sodium Amytal were lower than those killed by 
decapitation. However, the spleens of the animals killed by decapitation 
were found to possess less blood than the others, and consequently were 
lighter in weight. Ether anesthesia has been known to produce an increase 
in the circulating red blood cells brought about by the extrusion of the cells 
from the spleen (13, 14). In a study of the effects of ether anesthesia and 
sodium Amytal anesthesia in the dog, Searles (15) found that the former 
caused an increase in the hemoglobin content and the erythrocyte count, 
whereas sodium Amytal caused a decrease. He also found that removal 
of the spleen reduced by one-half the increase caused by ether, and abolished 
completely the decrease in the cellular constituents which occurred under 
sodium Amytal anesthesia in the normal intact animal. Similar findings 
have been reported by Bollman et al. (16). 

These facts seem to indicate that the difference in nucleic acid content 
of spleens of animals killed by the two methods is due to the quantity of 
red blood cells present in the spleen. 


DISCUSSION 


Our findings show that the growth of the Walker carcinoma No. 256 
causes a drop in the RNA content of the thymus and lymph nodes and a 
drop in the DNA concentration of the thymus. This drop in the nucleic 
acid content might be a result of the activity of the adrenal gland, which 
underwent hypertrophy during the growth of this tumor (10-12). It has 
been known for a long time that the secretions of the adrenal cortex in- 
fluence the lymphatic tissue (17-20). 

Fraenkel-Conrat and Li (21) have shown that adrenocortical extracts 
produce a slight increase in the nucleic acid turnover rate of the rat thymus. 
Skipper et al. (22) have noted that cortisone markedly reduced the incor- 
poration of C'-formate into the nucleic acid purines of mouse viscera. 
Gros et al. (23) found that cortisone treatment resulted in a small but sig- 
nificant increase in the DNA of the spleen, when expressed as parts of 
DNA per 100 parts of total nitrogen. The RNA, on the other hand, was 
not influenced by cortisone. It has also been shown that a single injec- 
tion of corticotropin into mice resulted in a 20 per cent decrease in the P® 
uptake in the DNA of the lymph nodes and thymus (24). That this effect 
may be related to the cellularity of the tissue is suggested by the fact that 
prolonged administration of corticotropin or cortisone to rats has been 
shown to decrease the cellularity of the bone marrow (25, 26), the spleen, 
and the thymus (27). Kass et al. (28) observed that cortisone had no sig- 
nificant effect on the concentration of DNA, despite the marked lysis of 
lymphocytes and disintegration of nuclei, but the RNA concentration was 
reduced. Simultaneously, they also observed the inhibition of antibody 
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formation and offered the explanation that the latter was possibly due to 
its effect upon the lymph node RNA. They also noted a reduction in the 
number of large RNA-rich cells in the lymph nodes of cortisone-treated 
animals. 

In the present study, the RNA concentration of the bone marrow was 
found to increase to a large extent, while the DNA remained constant. 
This could be a result of the hyperfunction of the bone marrow in an 
attempt to combat the anemia which the development of the Walker car- 
cinoma produces (29). 

The rise in the nucleic acids of the spleen is a real one and not due to an 
increase in the weight of the spleen. This can be shown by expressing the 
values as mg. of nucleic acid per total spleen per 100 gm. of body weight. 
If this method is employed, we still find a large increase in the nucleic acids. 
These results are in agreement with those of Kelly et al. (30-32), who 
observed an increased incorporation of P* into the spleens of tumor-bearing 
mice and rats. 

The question arises whether these nucleic acid changes occurring in the 
spleen are due to polyploidy. The findings of Boivin e¢ al. (33), Vendrely 
and Vendrely (34), and Mirsky and Ris (35) have shown that the DNA 
content per nucleus Is a constant within a given species for normal diploid 
cells. In contrast, tumors have been reported to contain increased amounts 
of DNA per nucleus, due to polyploidy (36, 37). Unpublished results in 
our laboratory seem to indicate that a growing tumor is also capable of 
producing polyploidy in a distant tissue, presumably by elaborating a sub- 
stance which is transported by means of the blood. 

Since we have no data concerning the quantity of DNA per cell in the 
spleen, we cannot unequivocally state whether the nucleic acid changes 
obtained are due to polyploidy. However, by analogy, we may infer 
that, since a large increase in the RNA content of the spleen has also been 
shown to occur, the changes may not be due to polyploidy but rather to the 
production of cells after hypertrophy, 7.e. giant cells. Another possibility 
is that there was an increase in the concentration of both the DNA and 
RNA in the nucleus. The data of Leuchtenberger et al. (37), who observed 
that the average RNA content per nucleus was markedly higher in the 
ascites tumor than in normal tissue, suggest such a possibility. In this 
connection, the findings of Petermann et al. (38) are also of interest. They 
observed an increase in the RNA in the nuclei of the spleen of leucemic mice. 


SUMMARY 


1. The pentose nucleic acid (RNA) and deoxyribonucleic acid (DNA) 
of the thymus, lymph nodes, bone marrow, and spleen of rats bearing 
Walker carcinoma No. 256 were determined. 

2. The growth of the tumor was accompanied by a drop in the DNA and 
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RNA content of the thymus. Both nucleic acids of the spleen showed an 
increase. In the bone marrow, the tumor produced a rise only in the 
RNA concentration. The drop in the RNA of the lymph nodes, although 
not as uniform or as large as that observed in the thymus, also was sig. 
nificant. 

3. The method of sacrifice was shown to have an effect upon the nucleic 
acid concentration of the spleen. The values were lower for those animals 
that were killed by an injection of Amytal. 


We are indebted to Dr. Kk. Sugiura of the Sloan-Kettering Institute for 
Cancer Research, New York, for the original Walker carcinoma. 


BIBLIOGRAPHY 


1. Cerecedo, L. R., McCarthy, P. T., Singer, KE. J., and McGuinness, E. T., Ezp. 
Med. and Surg., 13, 85 (1955). | 
. Cerecedo, L. R., Price, H. P., and Lombardo, M. E., Exp. Med. and Surg., 11, 
31 (1953). 
3. Cerecedo, L. R., Reddy, D. V. N., Lombardo, M. E., MeCarthy, P. T., and Tra- 
vers, J. J., Proc. Soc. Exp. Biol. and Med., 80, 723 (1952). 
4. Cerecedo, L. R., Reddy, D. V. N. , Pircio, A., Lombardo, M. E., and Travers, 
J.J., Proc. See. Exp. Biol. and Med., 78, 683 683 (1951). 
5. Lesitvasibe. M. E., Travers, J. J., oud Cerecedo, L. R., J. Biol. Chem., 195, 43 
(1952). 
6. Reddy, D. V. N., and Cerecedo, L. R., Federation Proc., 10, 236 (1951). 
7. Schneider, W. C., J. Biol. Chem., 161, 293 (1945). 
8. von Euler, H., and Hahn, L., Svensk Kem. Tidskr., 58, 251 (1946). 
9. Stumpf, P. K., J. Biol. Chem., 169, 367 (1947). 
10. Begg, R. W., Cancer Res., 11, 341 (1951). 
11. Begg, R. W., Canadian cancer conference, New York, 1, 237 (1955). 
12. Begg, R. W., Proc. Am. Assn. Cancer Res., 1, 4 (1954). 


to 


13. Essex, H. E., Seely, S. F., Higgins, G. M. tn Mann, F. C., Proc. Soc. Exp. Biol. 


and Med., 35, 154 (1936- -37). 
14. Barbour, H. G., Anesthesiology, 1, 121 (1940). 
15. Searles, P. W., J. Am. Med. Assn., 113, 906 (1939). 
16. Bollman, J. L., Svirbely, J. L., and Mann, F. C., Surgery, 4, 881 (1938). 
17. Selye, H., Textbook of endocrinology, Montreal, 848 (1947). 
18. White, A., and Dougherty, T. F., Endocrinology, 36, 16 (1945). 
19. Dougherty, T. F., Physiol. Rev., 32, 379 (1952). 
20. Ingle, D. J., J. Clin. Endocrinol., 10, 1312 (1950). 
21. Fraenkel-Conrat, J., and Li, C. H., Endocrinology, 44, 487 (1949). 


. Skipper, H. E., Mitchell, J. H., Jr., Bennett, L. L., Jr., Newton, M. A., Simp- 


son, L., and EKidson, M. Cee iis.. 11, 145 (1951). 


22 
23. Gros, F., Bonfils, S., ond Machebeouf, M., Compt. rend. Acad., 233, 990 (1951). 
24 


. Hull, W., and White, A., Endocrinology, 61, 210 (1952). 
25. Baker, B. L., and Ingle, D. J., Endocrinology, 43, 422 (1948). 


Med., 40, 174 (1952). 


26. Thiersch, J. B., Conroy, L., Stevens, A. R., and Finch, C. A., J. Lab. and Clin. 
27 


. Robbins, G. P., Cooper, J. A. D., and Alt, H. L., Endocrinology, 56, 161 (1955). 


E. BRESNICK AND L. R. CERECEDO 303 


. Kass, E. H., Kendrick, M. I., and Finland, M., Ann. New York Acad. Sc., 56, 


737 (1953). 


. Taylor, A., and Pollack, M. A., Cancer Res., 2, 223 (1942). 
. Kelly, L. S., Payne, A. H., White, M. R., and Jones, H. B., Cancer Res., 11, 694 


(1951). 


. Payne, A. H., Kelly, L. S., and White, M. R., Cancer Res., 12, 65 (1952). 

. Payne, A. H., Kelly, L.S., Beach, G., and Jones, H. B., Cancer Res., 12, 426 (1952). 
. Boivin, A., Vendrely, R., and Vendrely, C., Compt. rend. Acad., 226, 106 (1948). 
. Vendrely, R., and Vendrely, C., Experientia, 5, 327 (1949). 

. Mirsky, A. E., and Ris, H., Nature, 166, 382 (1950). 

. Cunningham, L., Griffin, A. C., and Luck, J. M., J. Gen. Physiol., 34, 59 (1950-51). 
. Leuchtenberger, C., Klein, G., and Klein, E., Cancer Res., 12, 480 (1952). 

. Petermann, M. L., Alfin-Slater, R. B., and Larack, A. M., Cancer, 2, 510 (1949). 


29 
— 
31 
32 
33 
34 
35 
36 
37 
38 


THE EXCHANGEABILITY OF GLYCINE ACCUMULATED 
BY CARCINOMA CELLS* 


By ERICH HEINZ 


(From the Department of Biochemistry and Nutrition, Tufts University 
School of Medicine, Boston, Massachusetts) 


(Received for publication, August 6, 1956) 


Ehrlich mouse ascites carcinoma cells accumulate glycine and other 
amino acids from the medium and maintain considerable concentration 
gradients (1). As to the underlying mechanism, which depends on respir- 
atory metabolism, two major alternatives have been considered (2). The 
first one is an “‘active transport’? mechanism which ‘‘pumps”’ glycine, for 
example, into the cell against a concentration gradient. It is assumed to 
involve a “‘carrier’’ system the action of which is restricted to some layer 
near the cellular surface, usually referred to as the osmotic barrier or mem- 
brane of the cell. The other alternative would be that the glycine is bound 
to some cellular constituent by a metabolically linked process. Such a 
process, though endergonic, cannot do osmotic work, and the activity of 
the free glycine within the cell could never exceed that of the extracellular 
glycine. In a previous paper (2) evidence was presented that glycine en- 
ters these cells not by free diffusion but by a process called ‘‘exchange dif- 
fusion” (3) which most likely involves a temporary combination between 
the entering glycine with some substance, e.g. a carrier. But exchange 
diffusion alone, though indicating that the glycine really enters the cell 
before being accumulated, does not prove active transport, since it does 
not exclude intracellular binding as the ultimate cause of the accumulation. 
The proof of active transport therefore depends entirely on the knowledge 
of the state of the glycine accumulated inside the cell. That most of the 
accumulated glycine is free has been assumed on the basis of various ob- 
servations. For example, fragments of cancer cells, obtained by sudden 
pressure release (4) or by grinding after freeze-drying (5), are not able to 
accumulate glycine. Accumulation of glycine at higher concentrations was 
found to disturb the osmotic equilibrium between intra- and extracellular 
fluid (6). The loss of radioactivity from cells previously incubated with 
labeled glycine is not enhanced upon addition of large amounts of unlabeled 
glycine to the medium (5). All these observations, together with the high 
sensitivity of the accumulation towards metabolic inhibitors, exclude sim- 
ple adsorption of glycine to cellular constituents as the cause of the ac- 


* This research has been supported by a grant (No. NSF-G 1391) from the National 
Science Foundation. 
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cumulation, but they do not sufficiently rule out the formation of ender- 
gonic linkages with glycine, which may be labile enough to break readily 
during the procedure of extraction. The present paper tends to supply 
more conclusive evidence from observations on the exchange fluxes of gly- 
cine between intra- and extracellular fluid during the steady state, with 
and without metabolic inhibition. 


Theoretical 


Once the steady state distribution of glycine between intra- and extra- 
cellular fluid has been attained, the unidirectional fluzes, influx and efflux, 
must be equal. The magnitude of these fluxes and their coefficients, i.e, 
the fluxes relative to the activity of the solutions from which they originate, 
can be determined .by adding tracer amounts of labeled glycine to the 
steady state system or by transferring cells containing labeled glycine into 
a non-radioactive medium without disturbing steady state conditions, 
The exchange of radioactivity between cells and medium is in any case 
determined by the specific activities of the fluxes. The specific activity of 
the influx is equal to that of the medium. If all glycine extractable from 
the cell is free and accessible, 7z.e. if there are no major diffusion barriers 
inside the cell, the specific activity of the efflux should be equal to that of 
the total glycine which can be extracted from the cell. If, however, part 
of the glycine accumulated by the cell is bound or separated from the rest 
by intracellular diffusion barriers (compartmentalization), the exchange of 
such fractions will lag behind that of the free and accessible glycine. The 
specific activity of the efflux in this case will be initially higher than that 
of the total cellular glycine, a difference which will gradually disappear 
with approaching isotopic equilibrium. In other words, the efflux coeff- 
cient, referring to the total cellular glycine, ought to be constant if all 
glycine is free, but will apparently change in the case of binding or compart- 
mentalization. 

For a mathematical formulation of the exchange process, the following 
symbols and units are used. 


M = flux (Min, Mout) in micromoles per gm. per min. 

kin = influx coefficient “ ml. per gm. per min. 

a. = cellular glycine concentration in micromoles per ml. 

ay = extracellular glycine concentration in micromoles per ml. 
a’. = cellular radioactivity in counts per minute per ml. 

a’; = extracellular radioactivity in counts per minute per ml. 
R, = steady state distribution ratio for total glycine (a./a,) 
W. = cellular water per unit dry weight in ml. per gm. 

W, = extracellular water per unit cellular dry weight in ml. per gm. 
Ry W./Wy 
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All weight units (g) refer to cellular dry weight. ¢ = time in minutes. 
The subscript 0 indicates a value at t = 0. In the steady state Mi, = 
Mor = M. If all glycine accumulated in the cell is free and accessible, 
the rate of change in radioactivity of the cellular fluid will be 


da’e M (a's (1) 
dt e \ Ae 
Since 
kin 
ay 
and 
kex (2b) 
Ae 
a’; = a's, — Ry a’ (2c) 
and 
k; 
(2d) 
da’, Kex 
dt W. (Raa fo (RaRw + 1)a’.) (3) 


Integration of Equation 3 gives 
kex 
In (Rea's, — — a’e) = w.* (Roky + 1)t +] 


or 


In (Rea’s — = xX (RAR. + 1)t+ (4) 


This equation applies to the uptake of radioactivity. For the reverse type 
of experiments, in which the loss of radioactivity from cells is investigated, 
a similar function can be derived which reads 


~ x (RoRe + 1)t +1 (4a) 


If all glycine accumulated in the cells is free and accessible, plotting the 
left side of Equation 4 and 4a versus time should give a straight line. From 


| 
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the slope of this line, k.. can be determined, and from Equation 2d, ki, can 
be evaluated. The intercept, J, which gives the state of exchange at any 
arbitrary zero time, and which also includes the slow exchange after in- 
cubation, is not essential for our purposes. 

If there is intracellular binding or compartmentalization to any major 
extent, the above derivations are not valid. The efflux coefficient, if re- 
ferred to the total cellular glycine, will not be constant, and the relation- 
ship between the right side of Equation 4 or 4a and ¢ should not be linear, 
Experimentally, however, this can be verified only if the rates of both 
entrance and binding of glycine are slow enough to fall within the velocity 
range of the method. Whereas the rate of entrance was shown to be in 
that range (2), nothing can be predicted about the rate of binding, if any. 
Binding, therefore, cannot be completely excluded by the above proce- 
dure. 

A more unequivocal approach to testing the state of the accumulated 
glycine is to study the metabolic linkage of the accumulation process. 
Almost all inhibitors of aerobic metabolism and also the absence of oxygen 
strongly depress the accumulation of glycine and other amino acids by 
these cells (4), a phenomenon which may be adequately related to the 
energy requirement of the process. Specification of the inhibition as to 
whether it concerns primarily the transport into the cell or the binding 
inside the cell should give conclusive evidence concerning the nature of the 
accumulation process. In kinetic terms, depression of accumulation may 
result from a decrease of the influx coefficient or from an increase of the 
efflux coefficient. In the case of active transport, which is defined as in- 
volving a metabolically linked component of the inward movement, meta- 
bolic inhibition is likely to cause a decrease of the influx coefficient without 
necessarily affecting the efflux coefficient. In the case of an endergonic 
binding, however, metabolic inhibition would interfere with this binding. 
As a consequence, the efflux coefficient (kx), which refers to the total ex- 
tractable glycine, would apparently rise, whereas the influx coefficient may 
be unchanged, unless the inhibition also alters the passive permeability 
characteristics of the cell membrane. 


EXPERIMENTAL 


Carcinoma cells which had been obtained and treated as described pre- 
viously (2) were incubated with Krebs-bicarbonate-Ringer solution, con- 
taining definite concentrations of unlabeled glycine, in four specially de- 
signed Erlenmeyer flasks for 30 minutes in a water bath at 37°. By this 
time the distribution of glycine between cells and medium had attained 
the steady state and did not change appreciably during the subsequent 
period of investigation. A tracer amount of glycine-1-C™ was then added 
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to the samples at different times from a side arm. After the last addition 
all samples were simultaneously cooled to 1-2°, transferred into centrifuge 


‘tubes, and centrifuged in a refrigerated International centrifuge at about 


20,000 X g for 10 minutes. It was found that at a temperature of 1-2° 
the exchange of glycine between cells and medium is almost negligible.' 
The medium trapped with the cellular mass at the centrifugal force applied 
was determined by labeled inulin and by $*°O,4 ions to be about 0.16 ml. 
per gm. wet weight.' After centrifugation the supernatant fluid was 
drained off, and the cellular mass was weighed, freeze-dried, ground, and 
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Fic. 1. Paper chromatogram of alcohol-deproteinized extract of carcinoma cells 
previously incubated with labeled glycine for 30 minutes. Unlabeled glycine was 
added to the extract as a carrier. Radioactivity expressed in counts per minute 
(c.p.m.); glycine concentration in terms of optical density (O. D.) in the determina- 


tion by ninhydrin. 


extracted with saturated picric acid. The supernatant solution, after de- 
proteinization with 2 volumes of saturated picric acid per volume sample, 
and the extraction fluid were analyzed for total glycine and for radioac- 
tivity by methods already described (2). As seen in Fig. 1 no radioac- 
tivity, other than that connected with the glycine spot, appears in the 
paper chromatogram of the cell extract, even after incubation with labeled 
glycine for 30 minutes. Besides experiments on the uptake of radioac- 
tivity with time, the loss of radioactivity from cells previously incubated 
with labeled glycine was studied in an analogous way. The following pro- 
cedure was applied in order to maintain steady state conditions with re- 


1 Unpublished observations. 
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spect to total glycine distribution during transfer of the radioactive cells 
into an unlabeled medium. After preincubation in a glycine-containing 
KXrebs-bicarbonate-Ringer solution, the cells were separated from the 
supernatant solution by mild centrifugation and subsequently transferred 
into the side arms of specially designed Erlenmeyer flasks, together with a 
small volume of supernatant fluid and a tracer amount of labeled glycine, 
The residual supernatant fluid was poured into the main flasks. After fur- 
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0 | 2 3 4 
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Fig. 2. Exchange of cellular glycine for labeled glycine added to the suspending 
medium in the steady state. ©, distribution ratio of radioactivity between cellular 
and extracellular fluid; ©, distribution ratio of total extractable cellular glycine to 
extracellular glycine; A, logarithm of R,a’, — a’, according to Equation 4. 


ther incubation for 30 minutes in order to establish isotopic equilibrium in 
the side arm, the cell suspension was added again to the supernatant solu- 
tion. Further treatment was similar to that described above. The intra- 
cellular glycine and radioactivity were referred to the cellular water, 
which was determined by evaporation. A correction for supernatant fluid 
trapped during centrifugation was introduced. After plotting the results 
according to Equation 4 or 4a the flux coefficients were calculated from the 
slope of the regression line, which was determined by the method of the 
least squares. As in a previous paper (2), fluxes and flux coefficients 
were referred to cellular dry weight. 
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Results 


Fig. 1 shows the distribution of radioactivity and glycine on the paper 
chromatogram of cellular extract after 30 minutes incubation with radio- 
active glycine. A greater amount of unlabeled glycine was added to the 
extract as a carrier. No radioactivity other than that connected with 
glycine can be detected. Figs. 2 and 3 give the results of two characteris- 
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Fic. 3. Exchange of labeled cellular glycine for unlabeled glycine added to the 
suspending medium in the steady state. ©, distribution ratio of radioactivity be- 
tween cellular and extracellular fluid; 0, distribution ratio of total extractable cel- 
lular glycine to extracellular glycine; A, logarithm of a’. — R,a’,s according to Equa- 
tion 4a. 


tic experiments on uninhibited exchange between intra- and extracellular 
glycine. In both cases the distribution of total glycine was in the steady 
state and did not change appreciably during the period under investiga- 
tion. Fig. 2 refers to the uptake of radioactivity from the medium. Fig. 
3 shows the reverse experiment in which isotopic equilibrium was ap- 
proached from the opposite side. The results of these and other experi- 
ments according to Equation 4 are plotted as straight lines if 90 to 100 
per cent of the extractable cellular glycine is assumed to be free and avail- 
able. These findings are consistent with the assumption that at least 90 
per cent of the accumulated glycine is in the free state or bound at a turn- 
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over rate much faster than the rate of entrance into the cell. To exclude 
this latter possibility similar experiments were carried out in the presence 
of 1 mm DNP, 1 mm DNP plus 1 mmo iodoacetate, and in anaerobiosis. 
The results of two characteristic experiments analogous to those shown in 
Figs. 2 and 3 are plotted in Figs. 4 and 5. Here also the steady state js 
maintained, though on a lower level. The scattering of values is somewhat 
greater, but the straight line relationship according to Equations 4 and 4, 
is apparent. The flux coefficients of all experiments carried out, including 
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Fic. 4. Effect of 1 mm 2,4-dinitrophenol on exchange of cellular glycine for labeled 
glycine added to the suspending medium in the steady state. The symbols and 
characters are the same as those in Fig. 2. 


those represented by Figs. 2 to 5, as calculated from the slopes of the 
lines according to Equation 4, are summarized in Table I. It is clearly 
seen that only the influx coefficient (kin) is significantly changed by the 
inhibition. The decrease of the influx coefficient with increasing extra- 
cellular glycine concentration, which can be noticed in Table I, has been 
dealt with in a previous paper (2). No such effect of the intracellular 
glycine on the efflux coefficient can be observed. It is apparently within 
the limits of experimental error. The small effect of inhibition on the ef- 
flux coefficients suggests that it does not alter greatly the passive perme- 
ability characteristics of the cellular membrane at this stage. 
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Fic. 5. Effect of anaerobiosis on exchange of labeled cellular glycine for unlabeled 
glycine from the suspending medium in the steady state. The symbols and charac- 
ters are the same as those in Fig. 3. 


TABLE I 


Effect of Metabolic Inhibition and Anaerobiosis on Distribution Ratio and 
Fluz Coefficients (kin, ker) of Glycine in Steady State 


kin Rex 
121 None 0.75 14.7 15.0 1.3 
146 - 3.90 6.1 5.3 0.9 
155 ve 0.75 16.0 13.1 0.8 
147 1 mu DNP + 1 mm CH,ICOO- 3.80 2.0 2.5 1.1 
148 = 4.75 2.8 2.4 0.9 
167 > ™ 2.06 2.5 3.6 1.4 
156 Anaerobiosis 7.60 1.7 1.9 1.1 
DISCUSSION 


Cancer cells in the steady state with respect to the distribution of glycine 
between cellular and extracellular fluid exchange rapidly with labeled gly- 
cine from the outside. 


The kinetics of this exchange are consistent with 
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the assumption that most of the accumulated glycine is free and behaves 
as if it were dissolved in a single compartment with no major diffusion 
barriers between different sections of the intracellular space. There is no 
evidence of an appreciable fraction of the cellular glycine exchanging with 
noticeable delay as compared with the rest of it. A distinction, however, 
between such two fractions with different exchange rates requires that 
both rates are slow enough to be resolved by the method applied. This 
applies to the rate of entrance of glycine into the cellular space, as was 
shown in a previous paper (2), but an intracellular binding with a turnover 
rate much higher than this cannot be excluded by the above experiments, 

More reliable information as to the state of accumulated glycine has 
been obtained by determining the exchange fluxes in metabolic inhibition 
by 2,4-dinitrophenol or by anaerobiosis. It is to be expected that such 
inhibition, which strongly depresses the accumulation ratio, does so by 
blocking an essential step in the over-all uptake process, i.e. either the 
transport across the cell membrane or the binding within the cell. In the 
first case the influx, and in the second case the efflux, coefficient should be 
affected. The experimental findings show clearly that only the influx 
coefficient is changed during inhibition and so strongly support the first 
alternative. It has to be concluded that the accumulation of glycine by 
these cells is due to an active transport process and not to intracellular 
binding. 


The author wishes to acknowledge the valuable assistance of Mrs. Pa- 
tricia M. Walsh and Mr. Henry A. Mariani. 


SUMMARY 


1. Ehrlich mouse ascites carcinoma cells in the steady state with respect 
to the distribution of glycine between cell and suspending medium ex- 
change more than 90 per cent of their glycine in about 5 minutes. Ac- 
cording to the kinetics of this exchange the glycine accumulated in these 
cells behaves as if most of it were freely dissolved in a single compartment 
which comprises a fixed part of the cellular water space. 

2. In the presence of the inhibitors 2,4-dinitrophenol and iodoacetate 
or under anaerobic conditions the influx coefficient for glycine is greatly 
reduced, whereas the efflux coefficient is not changed within the limits of 
experimental error. 

3. It is concluded that most of the intracellular glycine is free and that 
therefore the accumulation is the effect of a metabolically linked active 
transport mechanism. 
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ENZYMATIC FORMATION OF ACETYLGALACTOSAMINE* 


By C. E. CARDINI anv LUIS F. LELOIR 


(From the Instituto de Investigaciones Bioqutmicas, Fundacién Campomar, 
Buenos Aires, Argentina) 


(Received for publication, August 22, 1956) 


Several papers have been published on the biosynthesis of glucosamine 
in different organisms (1-3), but the reactions which lead to the synthesis 
of galactosamine have hardly been explored. ‘The first indication of its 
mode of synthesis came from the isolation of uridine diphosphate! acetyl- 
galactosamine from liver by Pontis (4). This finding showed that the 
transformation of acetylhexosamines is similar to that of the pair glucose- 
galactose which has been studied in detail (5, 6). Pontis mentioned that, 
upon incubation of UDP-acetylglucosamine with a crude liver extract, 
some acetylgalactosamine was formed, but he did not investigate whether 
the substance appeared in the free or combined form. Further work on 
the point is reported in this paper. The products arising by the action of 
rat liver homogenate on UDP-acetylglucosamine were found to be free 
acetylgalactosamine and uridine monophosphate. 


Methods 


Analytical—The methods of Reissig et al. (7) for acetylhexosamine and 
of Fiske and Subbarow (8) for phosphate were used. 

Substrates—U DP-acetylglucosamine was obtained from yeast by chroma- 
tography on an anion exchange column with the use of chloride solutions 
as displacing agents. The procedure, which was similar to that used pre- 
viously (9), was developed by Dr. H. Pontis, to whom we are indebted for 
generous gifts of UDP-acetylglucosamine. 

Acetylglucosamine-1l-phosphate was prepared as described previously 
(2). Galactosamine (10) and acetylgalactosamine (11) were found to be 
contaminated with a small amount of a substance which migrated slowly 
in paper chromatograms. This substance, probably a disaccharide, could 
be removed by chromatography on charcoal (Norit A). After an aqueous 
solution of acetylgalactosamine was run into the column, elution was car- 
ried out gradient-wise with water and ethanol up to 2 per cent concentra- 


* This investigation was supported in part by research grants (No. G-3442) from 
the National Institutes of Health, United States Public Health Service, and from 
the Laboratorios de Investigacién de E. R. Squibb and Sons, Argentina, South 
America. 

' The following abbreviations are used: UDP for uridine diphosphate and UMP 
for uridine 5’-monophosphate. 
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tion. ‘The fractions containing the substance were pooled and evaporated 
under reduced pressure. From the residue, acetylgalactosamine was crys- 
tallized with methanol and ethy] ether. 

The same procedure was used for the purification of galactosamine, ex- 
cept that the solutions which were run into the column contained in addi- 
tion 0.01 n HCl. 

Preparation of a-Galactosamine-1-phosphate—The procedure was similar 
to that described previously (12), but the purification was carried out by 
anion exchange chromatography. A solution containing 20 mg. of galac- 
tosamine hydrochloride in 20 ml. of water, 0.5 ml. of 0.1 Mm MgCls, 0.5 ml. 
of 2 m tris(hydroxymethyl)aminomethane buffer, pH 7.4, 3 ml. of 0.04 x 
adenosine triphosphate, and 3 ml. of Saccharomyces fragilis extract (pre- 
pared by extracting the cells dried by air with 3 volumes of 0.1 m HNaCO, 
during 24 hours at 5°) was incubated at 37°. After 2 to 3 hours, the pro- 
teins were coagulated by heat and filtered off, and the clear liquid was 
poured into a Dowex 1 acetate column (100 cm. X 2.5 sq. cm.). Elution 
was then carried out gradient-wise with acetic acid, and the galactosamine 
phosphate was separated as the barium salt as described previously for 
glucosamine-6-phosphate (2). 

Preparation of N-Acetyl-a-galactosamine-1-phosphate—50 yumoles of bar- 
ium galactosamine-1l-phosphate in 2 ml. of water were acetylated at 0° by 
adding 500 wmoles of acetic anhydride in several portions. The pH was 
maintained near neutrality by adding dilute ammonium hydroxide. The 
mixture was treated with a slight excess of basic lead acetate solution and 
made alkaline to phenolphthalein with ammonium hydroxide. The mix- 
ture was centrifuged and the precipitate washed with water and decom- 
posed with hydrogen sulfide. After aeration, the liquid was taken to pH 
8 with Ba(OH)s, and 3 volumes of ethanol were added. The yield was 
about 35 wmoles. Analysis showed that equal amounts of inorganic phos- 
phate and acetylgalactosamine were liberated by acid hydrolysis (7 minutes 
at 100° in N acid), the identity of which was checked by paper chromatog- 
raphy. 

After deacetylation (3 hours at 100° in 2 N acid), galactosamine was 
identified by paper chromatography. Determination of the rotatory power 
of N-acetylgalactosamine-1-phosphate gave [a], +178° calculated for the 
free acid from the labile phosphate content. Calculation of the molar 
rotatory power ({a], X molecular weight) from this value gives 54,000. 
For methyl-N-acetyl-a-galactosaminide, the values are +187.3 and 44,000, 
respectively, with the use of the data of Masamune et al. (13). The simi- 
larity of these two values indicates that the acetylgalactosamine-1-phos- 
phate is the @ anomer. 

Paper Chromatography—The method for separating acetylglucosamine 
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from acetylgalactosamine with borate-treated paper described by Cabib 
ct al. (9) was used. In order to avoid tailing and an irregular shape of the 
spots, it was found that, after immersion in the borate solution, the papers 
had to be pressed firmly between two sheets of blotting paper and then 
allowed to dry at room temperature. The borate solution was prepared 
by adding 8 ml. of 5 N HCl to a solution containing 15.3 gm. of sodium 
metaborate and adding water to complete 200 ml. The pH was about 8. 
The solvent for chromatography was n-butanol-pyridine-water, 6:4:3. 

The spots were revealed by dipping the papers in 0.5 n NaOH in eth- 
anol, heating for 10 minutes at 100°, and then dipping into a p-dimethyl- 
aminobenzaldehyde solution prepared as described by Reissig et al. (7) for 
the stock solution. ‘The pink color appeared rapidly at room temperature. 
The rate of migration of acetylgalactosamine was about 40 per cent that 
of acetylglucosamine. 

Application of Method to Non-Acetylated Hexosamines—Since hexosa- 
mines can be easily converted to the N-acetyl derivatives, the method 
mentioned above could be used for the detection of glucosamine and galac- 
tosamine. The procedure was as follows. The solutions containing 0.05 
to 0.2 umole were evaporated to dryness in a test plate, and the following 
reagents were added: 0.1 ml. of water, about 0.001 ml. of acetic anhydride, 
a small drop of bromothymol blue, and sufficient dilute ammonia to keep 
the indicator blue. The solutions were evaporated to dryness in a vacuum 
desiccator and chromatographed as described above. 

Since the separation of the acetyl derivatives is clear cut, this method 
may be useful whenever glucosamine or galactosamine has to be identi- 
fied. 

Preparation of Enzyme System—Rat liver (about 7 gm.) was homogenized 
in 2 volumes of water and centrifuged for 10 minutes at 3000 r.p.m. The 
supernatant solution (crude extract) was treated with 0.4 volume of 50 
per cent (w/v) ammonium sulfate solution neutralized to pH 7.0 with 
ammonium hydroxide. The precipitate was separated by centrifugation 
at 0° and discarded. To the supernatant solution 0.2 volume of ammo- 
nium sulfate solution was added. This precipitate was dissolved in 0.4 
ml. of water and stored at — 10°. 

Estimation of Enzymes—The test system was made up as follows: 0.02 
ml. of 0.01 m UDP-acetylglucosamine, 0.01 ml. of 0.5 M magnesium sul- 
fate, 0.01 ml. of 2 m tris(hydroxymethy])aminomethane buffer, pH 7.5, 0.04 
ml. of 0.1 M cysteine, and enzyme solution; total volume, 0.12 ml. The 
amount of enzyme was 0.04 ml. of the crude or 0.01 ml. of the purified 
extract containing about 1 mg. of protein. The incubation time was usu- 
ally 15 minutes at 37°. 

When the liberation of free acetylgalactosamine was measured, the mix- 
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ture was deproteinized by adding 0.1 ml. each of zinc sulfate and barium 
hydroxide and 0.4 ml. of water (14). After centrifuging, 0.5 ml. of the 
supernatant fluid was analyzed for acetylhexosamine. 

For the chromatographic tests for free acetylhexosamines, the zine sul- 
fate-barium hydroxide supernatant fluids were concentrated and spotted 
on paper. When it was necessary to chromatograph the free and bound 
acetylhexosamines, deproteinization was carried out by adding 0.5 ml. of 
5 per cent trichloroacetic acid. The supernatant fluid was heated for 10 
minutes at 100° in order to hydrolyze the UDP-hexosamine compounds, 
extracted twice with 3 ml. of ethyl ether, neutralized with concentrated 
ammonium hydroxide, and spotted on paper. 


TABLE I 
Paper Chromatography of Nucleotides 


The enzyme system is as described in the text. Protein was precipitated with 
5 per cent trichloroacetic acid. The extract was washed with ether, neutralized 
with ammonium hydroxide, and spotted on Whatman No. 1 paper. The solvent 
was ethanol ammonium acetate, pH 7.5 (16), containing ethylenediaminetetraacetate. 
The substances were localized under ultraviolet light. 


Distance from 
origin 
cm. 

UDP-acetylglucosamine + enzyme system, ¢ = 0.................... 29 


Results 


Detection of Enzyme—The incubation of UDP-acetylglucosamine with 
crude liver extracts was found to lead to the formation of a substance which 
behaved like acetylgalactosamine when chromatographed on borate-treated 
paper or upon deacetylation and degradation with ninhydrin (15). The 
substance reacts directly with the modified Morgan and Elson reagent, 
whereas the acetylhexosamines bound to UDP give a negative reaction. 
Therefore the activity of the enzyme system could be detected qualitatively 
by paper chromatography with or without acid hydrolysis and quantita- 
tively by measuring the formation of free acetylhexosamine. 

The enzyme system was found to be very labile so that the only purifi- 
cation step which could be carried out was a precipitation with neutralized 
ammonium sulfate. When stored frozen, the concentrated enzyme solu- 
tion or the ammonium sulfate precipitate was still active after 4 to 5 days, 
but after a short dialysis (3 hours) the enyzme system became so labile 
that the activity disappeared overnight even when stored at —10°. No 
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reactivation could be obtained by the addition of heated liver extracts or 
diphosphopyridine nucleotide. 
Distribution of Enzyme System—The activity of several tissues was in- 


TaBLeE II 
Action of Enzyme System on Different Substrates 


The complete system is as described in the text. The amount of substrate added 
was about 0.2 umole. 


4 acetylgalacto-) inorganic P 
pmole pmole 
UDP acetylglucosamine................................ 0.22 0.23 
Acetylgalactosamine-l-phosphate........................ 0 0 
UDP. . 0.42 
UMP.. 0.15 
B- ‘lycerophosphate.. 0.04 
Phenyl phosphate... 0.05 
TABLE III 
Free and Combined Acetylhezosamines in Reaction Products 
Charcoal filtrate Charcoal adsorbate 
Acetylglu- | Acetylgalac-| Acetylglu- |Acetylgalac- 
cosamine tosamine cosamine tosamine 
Complete system, ¢ = 0. 0 0 +++ 0 
Same plus 0.3 umole acotyigalactosamine. 0 ++ +++4 0 
Complete system, ¢ = 15 min............ 0 ++ +++ 0 


The reaction mixture was as in the text, but the amounts were increased 5-fold, 
and the crude enzyme was used. After 15 minutes at 37° the proteins were precipi- 
tated with 0.5 ml. of 5 per cent trichloroacetic acid. 50 mg. of charcoal (Norit A) 
were added to the supernatant solution. The mixture was filtered after 15 minutes. 
The filtrate (charcoal filtrate) was saved for chromatography. The chareoal was 
washed three times with 10 ml. of water containing 2 per cent ethanol, suspended in 
0.5 ml. of 5 per cent trichloroacetic acid, and heated for 10 minutes at 100°. After 
filtration this fraction (charcoal adsorbate) and the filtrate were freed from acid by 
extraction with ethyl ether, neutralized with ammonium hydroxide, and dried for 
chromatography on borate-treated paper as described in the text. 


vestigated both by chromatography and by measuring the liberation of 
acetylgalactosamine. Only rat and guinea pig liver were found to be ac- 
tive. Rat kidney, lung, muscle, brain, and spleen were inactive under the 
conditions of the test. Saccharomyces fragilis extracts were also inactive, 
although they contain a very active galacto-waldenase. 
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Reaction Products—The liberation of free acetylgalactosamine was ac- h 
companied by a liberation of inorganic phosphate which varied somewhat 3 
with different lots of enzyme. The product arising from the uridine moiety 
of UDP-acetylglucosamine was investigated by paper chromatography, c 
and, as shown in Table I, after incubation with the enzyme system a sub- g 
stance was formed which migrated like uridine monophosphate. No UDP 
could be detected chromatographically or by analysis (17). a 

The liberation of inorganic phosphate and acetylgalactosamine from dif- é 
ferent substrates is shown in Table IT. } 

ool” 
COMPLETE | 
80 NO > 80 
> 
CYSTEINE 
2 CRUDE 
+ 40 d 
a 40 
PURIFIED 
EXTRACT 
20+ K_NO Mg++ 4 
NO CYSTEINE 
Te) 20 0 "OO! 00 Ol 05 
MINUTES Mg"* CONCENT RATION M 
Fig. 1 Fig. 2 


Fic. 1. The action of magnesium ions and cysteine. The substrate was UDP- 
acetylglucosamine. The activity was measured in terms of acetylgalactosamine 
formation by the purified enzyme preparation from liver. 

Fic. 2. The influence of Mgt* concentration. Determination of the optimal con- 
centration with the complete system was described in the text. 


Several experiments were carried out in order to detect the accumula- 
tion of UDP-acetylgalactosamine, by separating the nucleotides from the 
free acetylhexosamines by adsorption on charcoal. As shown in Table 
III, no nucleotide-bound acetylgalactosamine could be detected after in- | 
cubation of UDP-acetylglucosamine with a crude rat liver extract. Simi- 
lar tests with the enzyme precipitated with ammonium sulfate or guinea 
pig liver were also negative. 

Conditions for Optimal Activity—The system was found to be activated 
by cysteine and by Mgt* ions (Fig. 1). The maximal rate was obtained 
with a concentration of cysteine from 0.01 to 0.1 mM and with 0.05 Mgtt 
(Fig. 2). The activation obtained with Mn++ was smaller than with 
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Mgt’. The optimal pH was found to be between pH 7.5 and 8.0 (Fig. 
3). 
Specificity—No free acetylgalactosamine was formed with acetylglu- 
cosamine-l-phosphate, acetylgalactosamine-l-phosphate, or free acetyl- 
glucosamine. 

Inhibitors—The influence of different substances on the liberation of 
acetylgalactosamine was as follows: Ethylenediaminetetraacetate 0.01 m 
50 per cent inhibition. No effect was obtained with borate (0.01 to 0.1 
M), penicillin, cortisone, hydrocortisone, fluoride, oracety] salicylate. Com- 
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Fic. 3. pH optimum. Complete system as described in the text with 0.2 ml. of 
tris(hydroxymethyl)aminomethane buffer. pH determined on aliquots with a 
glass electrode. 


plete inhibition was produced by adding 0.001 m Ni** or Co** instead of 
Mg?**. 
DISCUSSION 


On the basis of the knowledge on the glucose-1-phosphate-galactose-1- 
phosphate transformation and in consideration of the fact that UDP- 
acetylgalactosamine has been found in liver, the results reported in this 
paper can be interpreted as being due to the action of three enzymes as 
follows: 


(1) UDP-acetylglucosamine = UDP-acetylgalactosamine 
(2) UDP.-acetylgalactosamine — UDP + acetylgalactosamine 
(3) UDP — UMP + P 


Reaction 1 would be an inversion at C, similar to the galacto-waldenase 
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reaction in which diphosphopyridine nucleotide is involved (6). Reaction 
2 would be catalyzed by another enzyme of rather high specificity, since, 
under the same conditions, neither UDP-acetylglucosamine nor acety]- 
a-glucosamine-1-phosphate is appreciably hydrolyzed. 

Reaction 3 in which UDP is hydrolyzed has been detected by severa] 
workers (18, 19) and has been found to be catalyzed by the extracts used 
in this work. 

The fact that no UDP-acetylgalactosamine could be detected would be 
a consequence of a faster rate of Reaction 2 as compared with Reaction 1, 
and may be also attributed to the lack of sensitivity of the analytical meth- 
ods. 

If it is taken for granted that the enzyme system is equally active in in- 
tact liver and that the acetylgalactosamine formed appears free in the cells, 
we are confronted with the problem of what is the fate of free acetylgalac- 
tosamine. Preliminary experiments have shown that under certain con- 
ditions acetylgalactosamine may be transformed by liver enzymes. This 
point is now under investigation. 


SUMMARY 


The action of liver enzymes on uridine diphosphate acetylglucosamine 
has been studied. The products obtained were free acetylgalactosamine, 
uridine monophosphate, and inorganic phosphate. 

The preparation of N-acetyl-a-galactosamine-1-phosphate is described. 
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SOME METABOLIC PRECURSORS OF THE N-1-METHYL 
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West Haven, Connecticut, and the Department of Biochemistry, 
Yale University, New Haven, Connecticut) 


(Received for publication, September 4, 1956) 


In support of the view that methylhistidine is a metabolic precursor of 
anserine, Martignoni and Winnick (1) and Harms and Winnick (2) found 
that administration of unlabeled 1-methyl-p.L-histidine enhanced the in- 
corporation of B-alanine-1-C"* into anserine in the chick and that 1-methy]l- 
pt-histidine-C'4*OOH was readily incorporated into anserine. In the rat, 
labeled 1-methylhistidine was utilized little, if at all, for anserine synthe- 
sis, but there was evidence that methylation of carnosine to form anserine 
could occur. That methionine may serve as the methyl donor was dem- 
onstrated earlier by Schenck e¢ al. (3), who showed a transfer of deutero- 
methyl groups from methionine to anserine in the rabbit. However, the 
role of formate and formaldehyde, both well known as methyl precursors 
in a number of reactions (4-13), has not been evaluated in anserine syn- 
thesis. 

The present investigation describes the isolation of anserine and the re- 
lated peptide, carnosine, from rat skeletal muscle by a modification of the 
chromatographic method of Hirs, Moore, and Stein (14) and presents data 
which demonstrate that, in the rat in vivo, methionine-methyl-C™ is uti- 
lized about 20 times more efficiently than is formate-C™ or formaldehyde- 
C* for the synthesis of the N-1-methy]l group of anserine. 


EXPERIMENTAL 


General Experimental Procedure—Rats of the Sprague-Dawley strain 
(150 to 210 gm.), which had been fed Purina laboratory chow ad libitum, 
were injected intraperitoneally with doses of 6 uwmoles of L-methionine- 
methyl-C" (1.2 10° c¢.p.m.),! 23 wmoles of sodium formate-C4 (2.3 106 


*A preliminary report of this investigation was presented before the Forty- 
seventh annual meeting of the American Society of Biological Chemists at Atlantic 
City, April 16-20, 1956. 

1 i-Methionine-methyl-C™ (2 X 108 c.p.m. per mmole) was purchased from the 
Isotopes Specialties Company, Inc., Glendale, California; sodium formate-C™ (1 X 
108 c.p.m. per mmole) from Tracerlab, Inc., Boston, Massachusetts; and formalde- 
hyde-C'* (1 X 10° c.p.m. per mmole) from the Research Specialties Company, Berke- 
ley, California. u-Carnosine, pL-anserine, and 1-methyl-pu-histidine were obtained 
from the California Foundation for Biochemical Research, Los Angeles, California. 


325 


326 PRECURSORS OF ANSERINE 


¢.p.m.),! or 3.1 wmoles of formaldehyde-C" (3.1 10° ¢.p.m.)! per 100 gm. 
of body weight. Each dose was dissolved in 2 to 3 ml. of saline solution. 
1 to 72 hours after a single injection, the animals were killed with ether 
and the leg muscles excised. Pooled muscles from two rats were washed 
in saline and freed from fat and connective tissue. About 20 gm. of the 
fresh muscle were then ground for 2 minutes in a Waring blendor with a 
10-fold excess of 1 per cent picric acid (15). The protein residue was re- 
moved by centrifugation and again extracted with 1 per cent picric acid. 
The pooled centrifugates were passed through a Dowex 2 chloride column 
(2 X 8 cm.) to remove picric acid (16). The effluent was concentrated in 
vacuo at temperatures below 40° to a final volume of 20 ml. and stored in 
the frozen state. 

Isolation of Creatine and Imidazolyl Constituents from Muscle Extracts— 
10 ml. of the concentrate were placed on a Dowex 50-X4 column in the 
hydrogen form (0.8 X 15 cm.) and washed with 40 ml. of water. Dis- 
placement of the acidic and neutral constituents of the extract was achieved 
with 0.1 m pyridine (17). After the non-basic amino acids and creatine 
had appeared, histidine, carnosine, and anserine were displaced with 0.1 
collidine. The displacement sequence was followed by ninhydrin and 
diazosulfanilic acid-NazCO; spot tests (18). The fractions containing 
creatine and those with the imidazolyl compounds were taken to dryness 
in vacuo and then dissolved in about 5 ml. of water. Aliquots of these 
fractions were assayed as described below, and radioactivity in the frac- 
tions was measured. 

The concentrate containing creatine was put through a Dowex 2 hydrox- 
ide column (0.8 X 20 cm.) to free it from other amino acids. Creatine, 
not adsorbed by the resin, was removed by washing the column with boiled 
distilled water. The creatine fraction, after being concentrated and 
acidified with HCl to a final concentration of 0.1 N, was autoclaved for 2 
hours at 270°. The resulting creatinine was converted to the picrate 
(19) and crystallized from hot water to constant specific activity. 

Separation of Histidine, Carnosine,' and Anserine\—The imidazoly] con- 
stituents of the muscle extract were separated by a modification of the 
elution chromatographic procedure for the isolation of amino acids de- 
scribed by Hirs, Moore, and Stein (14). The sample, adjusted to pH 2, 
was put on a Dowex 50-X4 column in the ammonium form (0.8 X 30 cm.) 
and eluted first with 0.2 m ammonium acetate at pH 3.9. To prevent 
trailing of carnosine, the pH of the buffer was raised to 5.8 after the ap- 
pearance of anserine. Every third fraction (3 to 5 ml.) was taken to dry- 
ness and dissolved in 0.5 ml. of water, and 0.01 ml. was chromatographed 
on Whatman No. 3 paper in BuOH-acetic acid-H2,O (4:1:1). The nin- 
hydrin-positive fractions were then desalted and analyzed quantitatively 
by ninhydrin and Pauly determinations (20, 21). 
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The fractions containing each compound were pooled and concentrated 
invacuo to a small volume. Desalting was carried out either by sublima- 
tion of the ammonium acetate (14) or by passing the concentrate into a 
Dowex 50 hydrogen column and displacing the imidazolyl compound with 
0.1 m collidine. The collidine was removed by evaporation in vacuo. 
Identity of the isolated peptides was verified by hydrolyzing suitable 

aliquots in 6 N HCl in a sealed tube at 110° for 5 hours. Hydrolysates 
were taken to dryness several times and then dissolved in a small volume 
of water and chromatographed on paper in n-butanol-acetic acid-water 
(4:1:1). This solvent separated 6-alanine from the basic component and 
the latter, eluted from the paper with water, was concentrated and again 
chromatographed in one or more of the following solvent systems, which 
separated histidine and 1-methylhistidine: n-propanol-0.1 M ammonium 
acetate, 3:1; ethanol-ether-water-28 per cent ammonia, 4:5:1:0.1 (22); 
phenol-water, 4:1 in an atmosphere of 0.3 per cent NH;-NaCN (23). 
Acid hydrolysis, followed by chromatography in appropriate solvent sys- 
tems, was also used to localize the radioactivity incorporated into anserine. 

Analytical Methods—Histidine and carnosine were determined quanti- 
tatively by using the Edlbacher modification of the Pauly reaction for the 
determination of unsubstituted imidazolyl compounds (21). Anserine 
and 1-methylhistidine were assayed by the ninhydrin method described by 
Moore and Stein (20) and by determination of total nitrogen by a micro- 
Kjeldahl method (24). Creatine was determined with alkaline picrate 
after conversion to creatinine (25). 

Determination of Radioactivity—Specific radioactivity measurements are 
expressed as counts per minute per millimole at infinite thinness. Meas- 
urements were made by using a windowless gas flow Geiger counter. 


Results 


Chromatographic Behavior of Imidazolyl Constituents—Fig. 1 describes 
the separation of a synthetic equimolar mixture of L-histidine, 1-methyl- 
pL-histidine,! L-carnosine, and pDL-anserine. Concurrent with this in- 
vestigation, Sutfin, Hines, and Winnick (26) have described a chromato- 
graphic separation of these compounds, using gradient elution with sodium 
citrate buffers. Histidine and 1-methylhistidine emerge together under 
our experimental conditions, followed by anserine and carnosine. Recov- 
eries from the synthetic mixture were 97 to 100 per cent for histidine and 
methylhistidine and 90 per cent for anserine and carnosine. 

The results of a separation of the constituents of the muscle imidazoly]l 
fraction are superimposed on this pattern. Approximately 4 mg. of his- 
tidine, 50 mg. of carnosine, and 140 mg. of anserine were found per 100 gm. 
of fresh rat muscle, but 1-methvlhistidine was not detected? 


? Dr. Harris Tallan has stated (personal communication) that, contrary to earlier 
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Localization of C'* in Anserine—Table I shows the results of an experi. 
ment in which the anserine isolated after injection of L-methionine-methy]- 
is shown to contain solely in the 1-methylhistidine residue. An- 
serine was hydrolyzed for 5 hours in 6 N HCl in a sealed tube at 110° 
After removal of HCl, the anserine hydrolysate was chromatographed jn 
three separate solvent systems. The #-alanine and 1-methylhistidine 
residues were eluted from the chromatograms, concentrated, and assayed 
for radioactivity. The §-alanine residue contained no C'*.  1-Methyl- 
histidine was the only constituent detected in the basic fraction. It hada 
specific activity of 4.2 X 10‘ c.p.m. per mmole, as compared to a specific 
activity of 4.9 X 10* c.p.m. per mmole for the corresponding anserine. 
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Fic. 1. Separation of histidine, 1-methylhistidine, anserine, and carnosine on 
Dowex 50, NH,* column (0.8 X 30 cm.). Known compounds are designated by a 
solid line and rat muscle imidazoly] constituents by a broken line. 


Thus, essentially all of the radioactivity was recovered in the 1-methyl- 
histidine moiety. Neither histidine nor carnosine was radioactive. These 
findings, taken together with the negative findings for the incorporation of 
formyl groups into histidine in the rat (29), make it probable that the 
radioactivity resides only in the N-1-methy] group of anserine. 
Incorporation of Sodium Formate-C'* and Formaldehyde-C4 into Anserine 
—Table II presents data on the utilization of formate and formaldehyde 
for the synthesis of muscle anserine. Comparison of the relative utiliza- 
tion of formate and formaldehyde for anserine synthesis is obtained by 
examination of the last column. Here the results are expressed in terms 
of relative specific activities, which take into account differences in the 


published findings (27, 28), cat and rabbit gastrocnemius muscles contain no free 
1-methyl-t-histidine. 
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radioactivities of the injected compounds. ‘The relative specific activities 
attained at 16 and 24 hours after formaldehyde injection are twice the 
values obtained after formate is given, but after 72 hours the relative spe- 
cific activities are about the same (7.e., 0.27 for utilization of formate and 
0.3 for utilization of formaldehyde). It is of interest to compare the utili- 
zation of these compounds for anserine synthesis with their utilization for 
the synthesis of creatine, since the investigations of du Vigneaud e¢ al. (7) 
and Stekol et al. (9) have demonstrated the contribution of these metabolic 
precursors 7n vivo in the formation of the methyl group of creatine. 16 


TaBLeE I 
Localization of C4 in 1-Methylhistidine Moiety of Anserine 
| hi 
Compound Origin 
‘Solvent |Solvent Solvent Solvent per mmole 
A B C D 
1-Methylhistidine Known 0.04 | 0.43 | 0.86 | 0.20 
Histidine ag 0.04 | 0.35 | 0.68 | 0.16 
g-Alanine 0.25 | 0.34 | 0.66 
1-Methylhistidine | Derived from anserine-| 0.04 | 0.45 | 0.86 | 0.19 | 4.2 x 104 
Cy 
3-Alanine Derived from anserine-| 0.25 0.66 0 
Cy 


* Solvent A, n-butanol-acetic acid-H.O, 4:1:1; B, ethanol-ether-H.O-28 per cent 
ammonia, 4:5:1:0.1 (22); C, phenol-H.2O, 4:1 in atmosphere of 0.3 per cent NH:- 
NaCN (23); and D, n-propanol-0.1 M ammonium acetate; 3:1. 

t Anserine isolated from 48 hour L-methionine-CH;-C" experiment; specific ac- 
tivity 4.9 X 10‘c.p.m. per mmole. Hydrolyzed for 5 hours at 110° in a sealed tube 
in 6 N HCl. 


hours after injection of radioactive formate, muscle creatine had a relative 
specific activity of 0.09, which increased to 0.17 after 72 hours. ‘Thus, the 
contribution of formate to creatine synthesis is of the same order of mag- 
nitude as its utilization for synthesis of the anserine methyl group. Crea- 
tine isolated 72 hours after the injection of radioactive formaldehyde had a 
relative specific activity of 0.21, which again compares well with its utili- 
zation for anserine synthesis. Figures for the incorporation of formate 
and formaldehyde into creatine in these experiments are almost identical 
with those obtained by du Vigneaud et al. (7). 

Utilization of Methionine-methyl-C'* for Synthesis of Anserine—The re- 
sults of a study of the utilization of methionine-methyl-C" for the synthe- 
sis of anserine are shown in Table III. Included for comparative purposes 
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are measurements of the synthesis of muscle creatine in the same animals. 
The incorporation of methionine into anserine was essentially linear up to 
4 hours, as indicated by experiments in which the incorporation was meas- 


TABLE II 
Incorporation of Sodium Formate-C™' and Formaldehyde-C™ into Anserine 


Specific activity of anserine 


c.p.m. per mmole hrs. Com. per mantle 

HC"OONa 1.0 X 108 2.3 X 108 16 2.4 X 103 0.10 
1.0 X 108 2.3 X 10° 24 3.9 X 103 0.17 

1.0 X 108 2.3 X 10° 72 6.2 X 103 0.27 

HC"“HO 1.0 X 10° 3.1 X 108 16 7.4 X 108 0.24 
1.0 X 10° 3.1 X 10° 24 9.3 X 10? 0.30 

1.0 X 10° 3.1 X 10° 72 9.2 X 103 0.30 


* ((Specific activity of anserine)/(specific activity of injected compound X con- 
centration of injected compound in millimoles per 100 gm. of body weight)) X 100. 


TABLE III 


Incorporation of from t-Methionine-methyl-C™ into Anserine and 
Creatine Isolated from Rat Skeletal Muscle 


Time after Specific activity of creatinine picrate Specific activity of anserine 
injection of 
methionine C.p.m. per mmole Relative activityt C.p.m. per mmole Relativeactivityt 
hrs. 
4 2.6 X 10! 2.1 3.1 X 108 2.6 
7 2.5 X 104 2.1 3.2 X 10¢ 2.7 
16 3.3 X 104 2.75 5.4 X 10¢ 4.5 
24 3.7 X 104 3.1 4.2 X 104 3.5 
48 4.8 X 10! 4.0 4.9 X 10¢ 4.1 


* Total activity of injected methionine-methyl-C™, 1.2 X 10° c.p.m. per 100 gm. 
rat, specific activity 2 X 108 c.p.m. per mmole. 

t ((Specific activity of anserine or creatinine picrate)/(specific activity of in- 
jected compound X concentration of injected compound in millimoles per 100 gm. 
of body weight)) X 100. 


ured 1 hour and 2 hours after injection of methionine. ‘The relative spe- 
cific activities which express the extent of utilization of the methyl! group 
of methionine for the synthesis of the N-l-methyl group of anserine are 
2.6 at 4 hours and 4.5 at 16 hours. Thus, the utilization of methionine 
over a 48 hour period is parallel for the synthesis of both anserine and 
creatine. 
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A comparison of the data in Tables II and III shows that methionine is 
used approximately 20 times more efficiently than either formate or formal- 
dehyde. Furthermore, the efficiency of utilization of these compounds 
for the synthesis of anserine parallels their efficiency in the formation of 
the N-methyl group of creatine. ‘These data thus are consistent with a 
utilization of the methionine-methyl group not involving intermediary 
oxidation to a compound at the oxidation level of formate or formaldehyde. 


DISCUSSION 


It is obvious that any experiment which attempts to appraise the com- 
parative utilization of several precursors for the synthesis of the N-1- 
methyl group of anserine must consider a number of complicating factors. 
Among these are (1) the availability of the precursor for use in the meta- 
bolic reactions of the cell, (2) the relative size of the ‘‘formate’”’ pool as 
compared to that of methionine, and (3) the constancy of the precursor 
pool size in the course of the experiment. All of these considerations will 
vitally affect the extent of the incorporation of labeled carbon into anserine. 
An attempt to compare their utilization for the synthesis of anserine and 
creatine is further complicated by factors such as the rate of renewal of the 
products of the methylation and the site of synthesis of the methylated 
compounds. 

A considerable body of information indicates that creatine has a turnover 
half time of about 29 days (30, 31). Data (2) based on the rate of turn- 
over of the B-alanyl moiety of carnosine plus anserine suggest that anserine 
has a rate similar to that of creatine. The relative constancy of the radio- 
activity in creatine and anserine during a period of 72 hours reflects this 
slow turnover. These experiments, of course, give no information regard- 
ing the site of synthesis of anserine and this still remains to be established. 
Williams and Krehl (32) reported the synthesis of carnosine in liver slices 
from B-alanine and histidine. Harms and Winnick (2) found that par- 
tially hepatectomized rats incorporated 6-alanine-C™ into carnosine and 
anserine to a greater degree than did normal animals, but this greater in- 
corporation may have reflected the decreased catabolism of B-alanine-1-C™ 
in the partially hepatectomized animals. 

It is apparent from the above considerations that no quantitative ap- 
praisal of the utilization of the methyl donors in the synthesis of anserine 
can be attempted from the data presented here. However, the lower 
specific activities obtained when formate and formaldehyde were utilized, 
as compared with those attained with methionine, support the view that 
the methionine methy] group is not oxidized to a formyl compound and 
then subsequently reduced during the transfer of the methyl carbon. 
With regard to the utilization of formate and formaldehyde, our data in- 
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dicate that formaldehyde is used at least as well as formate for synthesis 
of the methyl group of anserine. The degree of incorporation of these 
compounds parallels their utilization for creatine synthesis, as shown in 
these experiments and in those reported by du Vigneaud et al. (7). Lowy, 
Brown, and Rachele (33) have recently investigated the metabolism of 
formaldehyde-C'*-D, as a precursor of the methyl groups of creatine, cho- 
line, thymine, and carbon atoms 2 and 8 of the nucleic acid purines. Com- 
parison of the deuterium to carbon ratios in the isolated compounds with 
that of the administered formaldehyde showed that one deuterium atom 
was lost from formaldehyde in the course of its conversion to a methy] 
group. Similar experiments, in which sodium formate-C™-D (34, 35) was 
used, failed to show a loss of deuterium from formate, suggesting that, in 
vivo, a 1-carbon unit at the oxidation level of formate may be preferentially 
used in synthesis of the methyl group. 

The greater efficiency of methionine as a source of the anserine methy] 
group is consistent with the direct transfer of the methionine-methy] to an 
appropriate acceptor compound, presumably involving the intermediary 
formation of S-adenosylmethionine, according to the mechanisms of methyl] 
group transfer formulated by du Vigneaud and coworkers (19) and Can- 
toni (36). The inferior utilization of formate and formaldehyde in part 
reflects the extent to which these compounds were used for the synthesis 
of the methyl group of methionine via metabolic pathways which have 
been investigated in isolated systems by Berg (11) and by Nakao and 
Greenberg (37). 


SUMMARY 


1. A method is described for the isolation and separation of carnosine 
and anserine from rat muscle extracts. 

2. The utilization of methionine-methyl-C'4, formate-C!*, and formal- 
dehyde-C by the rat for the synthesis of anserine has been investigated, 
and it has been found that methionine-methy] is utilized about 20 times 
more efficiently than is either of the 1-carbon precursors. 

3. The utilization of these compounds for the synthesis of anserine has 
been compared with their utilization for the synthesis of muscle creatine. 


The author acknowledges with thanks the technical assistance of Miss 
Anna Panaccione. 
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THE RATE OF SYNTHESIS OF DEOXYRIBONUCLEIC ACID 
IN ESCHERICHIA COLI B INFECTED WITH 
BACTERIOPHAGE* 


By GEORGE A. VIDAVERT ann LLOYD M. KOZLOFF 
(From the Department of Biochemistry, University of Chicago, Chicago, Illinois) 


(Received for publication, July 11, 1956) 


After the discovery in 1952 by Wyatt and Cohen (1) that the deoxyribo- 
nucleic acid (DNA) of the bacterial viruses T2, T4, and T6 contains 
5-hyvdroxymethyleytosine (HMC) while the host cell DNA contains cy- 
tosine, it became possible to follow the synthesis of viral DNA after in- 
fection. In 1953, Hershey and coworkers (2) measured the synthesis of 
bacteriophage DNA in T2-infected Escherichia coli by using a spectro- 
photometric method based on the chromatographic isolation of HMC. 
However, their experiments did not give information on the incorporation 
of HMC into DNA shortly after infection. 

In the present experiments, an isotope dilution technique (with C'‘) 
was used to measure bacteriophage DNA synthesis during the Ist few min- 
utes after infection when DNA synthesis was undetectable by either the 
colorimetric DNA method used earlier (3) or by the chromatographic 
procedure (2). No bacteriophage DNA synthesis was detected until about 
6.5 minutes after infection. 

Under certain conditions of infection, progeny bacteriophages are pro- 
duced after multiple infection of a bacterium by bacteriophage damaged 
by ultraviolet light, although not by infection with a single such bac- 
terlophage. This phenomenon (multiplicity reactivation (4, 5)) also oe- 
curs to a slight extent upon infection with x-irradiated bacteriophage (6). 
Since Cohen and Arbogast (7) had shown that the time-course of net DNA 
synthesis in £. coli infected under multiplicity reactivation conditions was 
different from that found after infection with unirradiated bacteriophage, 
the effect of irradiation of the bacteriophage on the course of bacteriophage 
DNA synthesis in the infected cells was also studied. After infection with 
ultraviolet light-irradiated bacteriophage under conditions of multiplicity 
reactivation, although the amount of bacteriophage DNA synthesized was 


* This work was aided by research grants from The National Foundation for In- 
fantile Paralysis, Ine., and from the Dr. Wallace C. and Clara A. Abbott Memorial 
Fund of the University of Chicago. It was prepared from a thesis submitted by 
George A. Vidaver to the Department of Biochemistry, University of Chicago, in 
partial fulfilment of the requirements for the degree of Doctor of Philosophy. 

+ Predoctoral Fellow of the National Science Foundation. Present address, In- 
stitute for Enzyme Research, University of Wisconsin, Madison, Wisconsin. 
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comparable to that found when unirradiated bacteriophage was used, the 
major portion of this synthesis occurred at a later time. With higher 
doses of radiation, which resulted in little or no multiplicity reactivation, 
bacteriophage DNA synthesis was correspondingly small or was absent. 


Materials and Methods 


Stock T2r+ bacteriophage was grown on EF. colt by confluent lysis (8) 
and assayed by standard methods (9). DNA was determined by the 
diphenylamine reaction (10) and phosphorus by the method of Gomori (11). 

The bacterial growth medium for Experiments | and 2 had the following 
composition in gm. per liter: NasHPO,, 16.4; KH»PO,, 1.5; (NH,).80, 
2.0; MgSO,-7H,20, 0.2; CaCle, 0.01; FeSO,-7H.O, 0.005; and 0.97 of a 2:1 
fructose-glucose mixture uniformly labeled with C'* (119 ye. per gm. of 
sugar). The growth medium for Experiments 3 through 8 had the follow- 
ing composition in gm. per liter: NasHPO,, 16.4; IKH»2PO,, 15.0; (NH,4).S0,, 
2.0; MgSO,-7H,0, 0.2; CaClo, 0.010; FeSO,-7H.2O, 0.005; and glucose, 4.0. 
The pH of this medium was 6.8. 

For ultraviolet light irradiation, suspensions at a concentration of 108 
bacteriophage particles per ml. were irradiated with a 15 watt General 
Electric germicidal lamp in 5 ml. portions in a petri dish with gentle manual 
agitation. The radiation dose was varied by varying the time of irradia- 
tion. For irradiation with x-rays, a General Electric Maximar 100 x-ray 
machine (operated at 100 kv. and 5 ma.) with a 0.25 em. aluminum filter 
was used. The bacteriophage particles were irradiated in a volume of 10 
ml. in an ice-cooled Lucite dish 10 em. from the source. ‘The suspending 
medium contained 10 per cent broth (6) to reduce the indirect effect of the 
x-rays. The low molecular weight components of the broth were removed 
by dialysis before the bacteriophage was used for infection. 

In Experiments 2, 4, 5, and 8, in which the bacteriophage received 
moderate doses of radiation, the average number of hits is defined by the 
equation e~* = $;/¢o, where x = the average number of hits, ¢; = viable 
bacteriophage after irradiation, and ¢ = viable bacteriophage before ir- 
radiation. In Experiments 6 and 7, due to the larger ultraviolet dose em- 
ployed (12 and 18 hits), the radiation dose was estimated from the ex- 
posure time. 


Procedure for Isotope Dilution Experiments 


Growth and Infection—A | liter culture of bacteria was grown with aera- 
tion on the C medium (with CO+-free air) until about 3 & 108 organisms 
per ml. were present. The culture was cooled, centrifuged, and then sus- 
pended in 52 ml. of sugar-free growth medium and stored in an ice bath. 
10 ml. of the bacterial concentrate were mixed with 10 ml. of bacteriophage 
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suspension in an ice bath. This mixture was added to 230 ml. of C™ 
infection medium in a bath at 37° at zero time. Four such infected cul- 
tures were prepared from the bacterial concentrate and aerated for 0, 3, 5, 
and 9 minutes, respectively. Samples were taken about 1 minute after 
aeration had begun for determination of bacterial killing by the infecting 
bacteriophage. The fifth portion of the bacterial concentrate was mixed 
with bacteriophage and added to 230 ml. of warm culture medium contain- 
ing 1 gm. of unlabeled glucose instead of the labeled sugar. Samples were 
taken periodically from this culture to determine total DNA by the di- 
phenylamine reaction and intracellular bacteriophage by premature lysis 
with cyanide (12). 

Separation of Deoxyribonucleic Acid—The infected culture was quickly 
poured into 700 ml. of 95 per cent ethanol containing 0.2 mg. of Al***. 
Unlabeled bacteriophage was added to the alcohol either just before or just 
after addition of the infected culture. Each portion in Experiment 1 re- 
ceived 125 y of HMC from this source and, in Experiment 2, 116 y of 
HMC. In both experiments the infecting bacteriophage added 21.6 y 
of HMC to each portion. The total HMC initially present in each portion 
was the sum of the added carrier bacteriophage HMC plus the infecting 
bacteriophage HMC. The alcohol-precipitated cultures were allowed to 
settle overnight in the cold and most of the supernatant liquid was re- 
moved. With use of the centrifuge the precipitates were extracted three 
times with cold 5.5 per cent trichloroacetic acid containing 0.2 per cent 
ethylenediaminetetraacetic acid to remove the Al***, twice with cold 5.5 
per cent trichloroacetic acid, once with 76 per cent alcohol, once with 
95 per cent alcohol, and twice with hot 3:1 alcohol-ether. The washed 
precipitates were digested 16 hours at 37° with 1 N NaOH, chilled, and 
then 1.2 volumes of cold 8.4 per cent trichloroacetic acid containing 3.0 
per cent HCl were added. The precipitates were washed with cold 5.5 per 
cent trichloroacetic acid and the DNA was extracted twice for 10 minutes 
with 5.5 per cent trichloroacetic acid at 90°. The DNA extracts were 
heated for 3 hours in a boiling water bath in order to decompose the tri- 
chloroacetic acid and reduce the volume and were then evaporated to 
dryness in a vacuum desiccator. 

Isolation and Determination of HMC—The DNA fractions were hydro- 
lyzed (2) and the hydrolysate was taken to dryness as above. Each hy- 
drolyzed sample was applied as a 10 cm. long stripe on Whatman No. 3 
filter paper (unwashed) and chromatographed in 65 per cent isopropanol 
containing 7.3 per cent HCl (1) by the ascending technique. In this sol- 
vent system, the cytosine and HMC travel together. The paper was 
examined under a Mineralite ultraviolet lamp, and the cytosine-HMC band 
was cut out, eluted as a descending chromatogram with water as the mobile 
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phase, and the eluate dried in a vacuum desiccator. The HMC was 
separated from the cytosine and purified by chromatographing five more 
times in the following solvents in the order given: 85 per cent isopropano] 
with 1.3 ml. of concentrated ammonia per 100 ml. (3); 65 per cent iso- 
propanol containing 7.3 per cent HCI; 85 per cent isopropanol with 1.3 ml, 
of concentrated ammonia per 100 ml.; 90 per cent n-butanol-10 per cent 
concentrated formic acid (13); and finally in an n-butanol-ethanol-water 
mixture, 50:15:35 (13). For the last chromatogram, a 6 cm. stripe on 
Whatman No. 1 paper (unwashed) was used. The HMC was taken up in 
water and the amount of the base determined on an aliquot in 0.1 n HC] 
in a Beckman model DU spectrophotometer (1). The bulk (80 per cent) 
of the HMC from each sample was plated in aluminum cups together with 
1 mg. of bovine serum albumin per cup and counted in an internal flow 
Geiger counter. The HMC synthesized and incorporated into the DNA 
fraction was calculated from the following equation. 


HMC) HMC input) 1 


HMC = 1. ¢.p.M.g (5.0 X 10-)(8 X 10") 


Where HMC = HMC synthesized and incorporated into the DNA in 
phage units per bacterium, a phage unit being the amount of HMC in one 
bacteriophage (1.17 K 10-" y of HMC (2)); 1.11 = the correction factor 
for the presence of bovine serum albumin; ¢.p.m.qguc = counts per minute 
above the background in the sample of isolated HMC counted; micrograms 
of HMC = amount of HMC in the sample of isolated HMC counted; 
HMC input = amount of C'’? HMC (in micrograms) originally present 
(taken as the amount of HMC added as bacteriophage to the alcohol, plus 
one-half the amount of HMC of the infecting bacteriophage, since about 
50 per cent of the infecting bacteriophage is broken down and lost (14)); 
c.p.m.s = counts per minute above the background per microgram of 
carbon of the sugars in the medium; 5.0 X 10-? = microgram of carbon in 
the HMC of one bacteriophage; and 8 X 10'° = number of bacteria in the 
culture.' 

Where the radioactivity of the HMC sample was not significantly above 
the background, the radioactivity of the sample was added to twice the 
standard deviation of the background count? for the time period in which 
the sample was counted. This figure was substituted for c.p.m.gmc in 


1 Sample calculation (Experiment 1, 9 minute point): 


((50.1/38.7)(125 + 11)) 1 
— 


HMC = 1.11 X 


2 In the counter used, the background was about 16 c.p.m. and the standard devi- 
ation for 1500 counts was about 0.5 c.p.m. 
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the equation for HMC (thus, for the 0 minute point of Experiment 1, this 
term would be 0.1 + 2 X 0.47 or 1.04). The figure for HMC thus ob- 
tained represents the amount of HMC synthesis which escaped detection 
by the method used. 


Procedure for Experiments by Spectropholometric Method 


In Experiments 3 through 8, HMC was determined by a modification of 
the method of Hershey ef al. (2). The sensitivity of the method was in- 
creased by the use of two one-dimensional chromatograms instead of one 
two-dimensional chromatogram and by the application of the material 
as a stripe instead of a spot. In each experiment eight determinations 
of HMC were made over the course of infection, starting near zero time and 
extending to about 40 minutes. 

Growth and Infection—A 2.3 liter culture was grown to about 10° bac- 
teria per ml. at a temperature of 39.5°. The culture was infected by adding 
100 ml. of an appropriate concentration of bacteriophage. At this point 
the experimental conditions for the different experiments were varied; 
multiplicity of infection (bacteriophage per bacterium), type of radiation, 
and radiation dose received by the bacteriophage were the variables. 
Immediately after infection a 200 ml. aliquot was withdrawn from the 
culture flask and quickly poured into 35 ml. of 55 per cent trichloroacetic 
acid in an ice bath. At various later times 200 ml. samples were with- 
drawn and poured into trichloroacetic acid as before. At other times 0.1 
ml. samples were withdrawn and diluted into a lysing medium (12) for 
intracellular bacteriophage determinations. 

Separation of Deoxyribonucleic Acid and Determination of Bases—The 
DNA fractions of the 200 ml. samples and also of a sample of the stock 
bacteriophage used in the experiment were obtained by the modified 
Schmidt-Thannhauser procedure used by Hershey ef al. (2). Small ali- 
quots of the trichloroacetic acid extracts containing the DNA were ana- 
lyzed for deoxyribose by the diphenylamine method and for phosphorus. 
The bulk of the DNA extracts was evaporated to dryness and then hy- 
drolyzed. The hydrolysates were chromatographed as 10 to 30 cm. long 
stripes on Whatman No. 3 filter paper in 65 per cent isopropanol contain- 
ing 7.3 per cent HCl. The regions containing the cytosine plus the HMC 
were cut out, eluted, and dried. The bases were rechromatographed in 
85 per cent isopropanol with 1.3 ml. of concentrated ammonia per 100 ml. 
and identified, eluted, and dried as before. The HMC samples were 
taken up and appropriately diluted in 0.1 n HCl, and the absorption 
measured in the spectrophotometer at at least four wave lengths (the ab- 
sorption maximum, the absorption minimum, and 5 my on either side of 
the maximum). The position of the absorption maximum verified the pre- 
vious identification. 
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The amount of HMC present in the culture just after infection was found 
to agree, within the limits of experimental error, with the amount of HMC 
contained in the infecting bacteriophage. 
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In Figs. 1 to 4, 1 umole of HMC 


corresponds to about 67 phage units of DNA per bacterium. 


TABLE I 
Conditions of Infection for Experiments 1 through 8 
Column A Column B Column C oo Column E Column F lost G 
Experi- 
"No. | Bacterial titer | Bacterial | Multipti- | Multi- | Bacteria Radiation Bacteria 
titer after city of ad ~~ ye infected 
infection infection infection*® Dose Type (not 
bacteria per ml.| bacteria per ml. RS all b ba dl per cent hits per cent 
1 3.2 X 108 4X 10°f 10 
2 2.2 X 108 | 2.4 X 10’f 14.7 7.1 | Ultra- 1.2 
violet 
3 1.2 X 109 | 1.7 X 108 2.3 2.0 0 
4 1.2 | 6.2 107 3.1 3.0 81.5 7.1 | Ultra- 0.24 
violet 
5 8.7 KX 108 | 1.7 X 108 10.5§ | 6.2 | 100 5.5 | Ultra- 4.3 
violet 
6 7.8 KX 108 | 1.2 X 107 4.5 4.2 12.0 | Ultra- 0 
violet 
7 | 1.1 X 109 | 5.3 X 107 59 | 82 | 18 | Ultra- | 0 
| | violet 
8 8.5 K 108 | 2.1 X 108 4.1 1.4 | 41) 5.3 | x-Ray | 2.0 


* Calculated from titers of bacteriophage and bacteria. 

t Calculated from bacteria surviving 2.5 minutes after infection. 3 

t After 1 minute of infection; all the rest are after 2.5 minutes of infection. 

§ The disagreement between the multiplicity in Columns C and D is due to the 
presence of a small fraction of resistant cells. 

|| Per cent of population with two or more bacteriophage particles capable of 
killing on single infection (see the text). 


Results 


HMC Incorporation into DNA of Bacteria Infected with Unirradiated 
Bacteriophage—The conditions of infection for all experiments are given 
in Table I. The term ‘HMC incorporation” is used to indicate the in- 
corporation of newly synthesized HMC into the DNA of the infected cell. 

From the results of the isotope dilution experiment with unirradiated 
bacteriophage (Experiment 1, Table II) it appears that little newly syn- 
thesized HMC is incorporated into the DNA fraction of the infected bac- 
teria until between 5 and 9 minutes after infection. 
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To obtain information about incorporation of HMC from 5 to about 40 
minutes after infection, the spectrophotometric technique was used. In 
Experiments 3 through 8, the time indicated in the figures was actually the 
time at which sampling was begun; the sampling itself took 30 to 40 seconds. 
It can be seen from Experiment 3 (lig. 1) that HMC incorporation begins 
6.5 to 7 minutes after infection, proceeds rapidly for about 10 minutes, and 
then slows down somewhat. 

HMC Incorporation under Multiplicity Reactivation Conditions—The oc- 
currence of multiplicity reactivation and its extent was estimated (1) 
from the multiplicity of infection and the ultraviolet dose with use of the 
extensive data of Luria and Dulbecco (5); (2) from the time of appearance 
of intracellular bacteriophage and the time of onset of net DNA synthesis, 


TaBLeE IJ 


Incorporation of Newly Synthesized HMC Shortly after 
Infection with T2r+ Bacteriophage 


Experiment 1 Experiment 2 
Time of incubation 
Infection with unirradiated bac- Infection with ultraviolet-irradiated 
teriophage bacteriophage 
min. phage units HMC* per bacterium phage unit UMC* per bacterium 

0 0.11 0.12 
3 0.09 0.13 
5 0.14 0.13 
9 4.8 + 0.12 0.5 + 0.16 


* A phage unit of HMC is the amount of HMC in one T2 particle. 


both of which occur at least 5 minutes later than in ordinary infection; 
and (3) from the amount of net DNA synthesis (see below) and by the 
amount of HMC incorporation in 35 minutes.® 


3 In separate experiments the occurrence and extent of multiplicity reactivation 
were measured under conditions comparable to those used in Experiments 3 to 8. 
It was found that, when unirradiated bacteriophage was used, the fraction of the 
bacterial population killed upon infection was that expected, on the basis of the mul- 
tiplicity of the infection. However, only about 70 per cent of the infected bacteria 
yielded bacteriophage. Presumably this is due to the high initial concentration to 
which the bacteria were grown. For a culture infected at a multiplicity of 5.6 with 
T2 phage which had been given an ultraviolet dose of 4.3 hits, the fraction of the 
total population yielding bacteriophage was 80 per cent of the fraction of the popula- 
tion yielding bacteriophage from a culture infected with unirradiated bacteriophage. 
At 8.6 hits and a multiplicity of 5.2, the corresponding figure was 20 per cent. These 
values are in fair agreement with the data of Luria and Dulbecco (5). The amount 
of reversal of the ultraviolet damage by the visible light falling on the culture flask 
(photoreactivation (15)) was measured and found to be negligible. In a bacterial 
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When the bacteria were infected with ultraviolet-irradiated bacter;- 
ophage under conditions of extensive multiplicity reactivation, as in Ex- 
periment 2 (Table IT) and Experiments 4 and 5 (lig. 1), the major part of 
the HMC incorporation occurred later than under ordinary conditions of 
infection. lor example, from the isotope dilution experiment (Experi- 
ment 2, Table II) it can be seen that by 9 minutes there was only about 
one-tenth the HMC incorporation found in Experiment | at this time. 

Raising the multiplicity of infection above that sufficient for essentially 
complete multiplicity reactivation had no apparent effect on HMC incor- 
poration when the infecting virus had been irradiated to the same extent. 


HMC 
O 


MINUTES 

Fic. 1. HMC incorporated in T2-infected EZ. coli under multiplicity reactivation 
conditions compared with HMC incorporation after ordinary infection. O, Experi- 
ment 3, non-irradiated bacteriophage, multiplicity 2.3; 0, Experiment 4, ultraviolet- 
irradiated bacteriophage, 7.1 hits, multiplicity 3.1; A, Experiment 5, ultraviolet- 
irradiated bacteriophage, 5.5 hits, multiplicity 10.5. Muicromoles of HMC are given 
per 180 ml. of infected culture. ‘‘Minutes’’ refers to the times after infection at 
which the samples were taken. 


In Fig. 1, the HMC curve in Experiment 5 (multiplicity 10.5) differs 
from that in Experiment 4 (multiplicity 3.1) only in that there was a larger 
quantity of HMC initially present. If Curve 5 is displaced downward by 
this amount, it is nearly superimposable on Curve 4. 

Effect of Ultraviolet Light Dose on HMC Incorporation—Under conditions 
from which only slight multiplicity reactivation was expected (Experiment 
6, 12 ultraviolet hits, Fig. 2) the HMC incorporation was only a fraction of 
that in Experiment 4 (also shown in Fig. 2), in which reactivation was 
extensive. In Experiment 7 (Fig. 2), in which the ultraviolet dose was 


culture infected with ultraviolet-irradiated phage (4.4 hits) at a low multiplicity 
(1/3750), the number of infective centers was within assay error of the number of 
bacteriophage not hit plus infective centers produced by multiplicity reactivation. 


|_| 
Expt. 3, 
NoUV 0 
4, Expt.5, 
Expt, 
7 UV 
YT 
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high enough (18 hits) to preclude essentially all multiplicity reactivation at 
the multiplicity (5), used the HMC incorporation was essentially zero. It 
would appear that in the absence of reactivation there is little, if any, 
synthesis of bacteriophage DNA. 

Effect of a-Irradiation on HMC Incorporation—1n Experiment 8 the 
bacteriophage particles were irradiated with x-rays. The effect on HMC 
incorporation is shown in Fig. 3. It is possible that a small amount of 
multiplicity reactivation occurred, as indicated by the HMC incorporation 
(a small increase in total DNA was also observed). In this experiment 
the multiplicity of infection (4.1) and the radiation dose in hits (5.3) cor- 


140 
O HITS 
1.20 
zinits 
100 (Expt.4).- 
o O80 
= 
= 0.60 a 
04 2HITS 
12 HI 
(Expt7) 
: 
MINUTES 


Fic. 2. Effect of ultraviolet dose on HMC incorporation in T2-infected EF. colt. 
O, Experiment 3, unirradiated bacteriophage; 0, Experiment 4, ultraviolet-irradi- 
ated bacteriophage, 7.1 hits; X, Experiment 6, ultraviolet-irradiated bacteriophage, 
12 hits; A, Experiment 7, ultraviolet-irradiated bacteriophage, 18 hits. Multiplicity 
of infection was approximately 3 in all the experiments (see Table I). Micromoles 
of HMC are given per 180 ml. of infected culture. ‘‘Minutes”’ refers to the times 
after infection at which the samples were taken. 


respond approximately to the conditions of Experiment 4 in which ultra- 
violet-irradiated bacteriophage was used. The total amount of HMC in- 
corporated in Experiment 8 was only about one-sixth that in Experiment 4. 
The interpretation of Experiment 8 is complicated by certain effects of 
x-radiation on bacteriophage not found with ultraviolet radiation (6). 
Ultraviolet-irradiated bacteriophage which is incapable of giving rise to a 
productive infection on single infection is still capable of killing the bac- 
teria they infect. On the other hand many x-ray-damaged bacteriophages 
which are incapable of productive infection on single infection are also un- 
able to kill the bacteria they infect. This suggested that the true multiplic- 
ity, is not the total number of bacteriophage particles absorbed per bacte- 
rium, but rather the number per bacterium of those bacteriophage particles 
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which can carry the infection past the stage of killing the bacteria. The 
total multiplicity in Experiment 8 is 4.1, but the multiplicity of bacteri- 
ophage capable of killing the bacteria is only 1.4 (see Column D, Table 
1). If all the cells infected with two or more lethal particles behaved like 
bacteria infected with two or more ultraviolet-damaged bacteriophage, 
total HMC incorporation of about one-half that found in Experiment 4 
would be expected (see Column E, Table I) instead of the one-sixth ac- 
tually found. It appears then that, after multiple infection with x-ray- 
damaged bacteriophage, much more HMC incorporation occurs than can 
be accounted for as infection by the undamaged fraction of the bacteri- 


140 
x No X-Ray 
( Expt.3) 
LOO} 
= 7 
/ 
= a / 
- / 
= 
/ 
/ 
0.10 


MINUTES 


Fic. 3. Effect of x-irradiation on HMC incorporation in T2-infected cells 
Dashed line, Experiment 3, unirradiated bacteriophage; O, Experiment 8, x-irradi- 
ated bacteriophage. Micromoles of HMC are given per 180 ml. of infected culture. 
‘‘Minutes”’ refers to the times after infection at which the samples were taken. 


ophage population. However, if this represents multiplicity reactivation, 
it is much less eficient than that with ultraviolet-irradiated bacteriophage. 

Relationship between Net DNA Synthesis and HMC Incorporation—The 
course of DNA synthesis was followed by the diphenylamine method and 
by determination of DNA phosphorus. The results are essentially similar 
to those observed earlier (3, 7). It can be seen (Experiment 3, Fig. 4) 
that net DNA synthesis in bacteria infected with unirradiated bacteri- 
ophage begins at about 7 minutes, as does HMC incorporation (Fig. 1). 

When bacteria are multiply infected with ultraviolet-irradiated bacterio- 
phage so that a productive infection occurs, the onset of net DNA synthesis 
appears to be delayed by more than the 7 minute period found upon infec- 
tion with unirradiated bacteriophage, in agreement with earlier work (7). 
However, unlike ordinary infection, in multiplicity reactivation the in- 
crease in DNA did not completely parallel the increase in HMC incor- 
poration. A considerable amount of HMC had already been incorporated 
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by 15 minutes (Experiments 4 and 5, Fig. 1), while the net DNA measure- 
ments indicate that DNA synthesis has at most just begun (Fig. 4). 

When infection was non-productive (Experiment 7, 18 ultraviolet hits), 
no net DNA synthesis was observed by either the diphenylamine reaction 
or by phosphorus analysis; nor was there much, if any, bacteriophage DNA 
synthesis as shown by the absence of HMC incorporation. In Experiment 
6 (12 ultraviolet hits) there was a small but measurable net synthesis of 
DNA corresponding to the incorporation of HMC. 


| DIPHENYLAMINE REACTION PHOSPHORUS 


No UV 
(Expt. 3) 


ae UV 
(Expt.5) 


Ww 
MINUTES MINUTES 
Fic. 4. Net DNA synthesis in T2-infected FE. coli as determined by the dipheny]- 
amine reaction and by phosphorus analysis. ©O, Experiment 3, unirradiated bac- 
teriophage, multiplicity 2.3; 0, Experiment 4, ultraviolet-irradiated bacteriophage, 
7.1 hits, multiplicity 3.1; A, Experiment 5, ultraviolet-irradiated bacteriophage, 5.5 
hits, multiplicity 10.5. Mg. of DNA are given per 180 ml. of infected culture. ‘‘Min- 

utes’’ refers to the times after infection at which the samples were taken. 


DISCUSSION 


The measurement of HMC incorporation after infection with unirradi- 
ated and ultraviolet-irradiated bacteriophage provides a sensitive index of 
viral DNA synthesis in infected bacteria. Cohen (3), who used the rela- 
tively insensitive and non-specific diphenylamine reaction, had observed 
that, after infection with unirradiated bacteriophage, a 7 minute lag oc- 
curred before net DNA synthesis began. Since host DNA material is 
used for the synthesis of bacteriophage DNA and the first bacteriophages 
formed receive the largest part of the host material (14), the possibility 
existed that the lag in net DNA synthesis was not a true measure of bac- 
terlophage DNA synthesis. The HMC measurements and net DNA de- 
terminations in fact show that both bacteriophage DNA and net DNA 


synthesis begin 6.5 to 7 minutes after infection and proceed at similar 


rates. 
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Cohen and Arbogast (7) also investigated net DNA synthesis as jt 
occurred under multiplicity reactivation conditions with ultraviolet-irradj- 
ated bacteriophage. They found a delay in net DNA synthesis consider- 
ably longer than the 7 minute delay in bacteria infected with unirradiated 
bacteriophage. In this case the results of the HMC determinations do 
not completely parallel the net DNA determinations. Although the major 
bacteriophage DNA synthesis occurs later under multiplicity reactivation 
conditions than after infection with unirradiated bacteriophage, there is 
considerable incorporation of HMC before any net DNA synthesis can be 
observed. 

The whole problem of the mechanism of multiplicity reactivation jis 
complicated by the findings (16-18) that synthesis of protein is a pre- 
requisite for the synthesis of bacteriophage DNA. However, the HMC 
data of Experiments 6 and 7 do not support an early hypothesis which was 
advanced to explain certain aspects of multiplicity reactivation and genetic 
recombination in bacteriophage. It has been proposed (5) that the un- 
damaged portions of the DNA of ultraviolet-irradiated bacteriophage are 
replicated repeatedly (although the ultraviolet-damaged portions are not), 
and that recombination of undamaged portions occurs among members of 
this multiplying population, eventually producing genetically complete 
bacteriophage. From this hypothesis it would be expected that, when 
the ultraviolet dose is not too great* and the multiplicity of infection 
fairly low, considerable bacteriophage DNA synthesis, 2.e. HMC incor- 
poration, would occur in the absence of multiplicity reactivation. This 
is contrary to the results obtained which indicated that in the absence of 
multiplicity reactivation bacteriophage DNA synthesis is also absent. 

It has more recently been proposed (22) that replication occurs by re- 
peated switches of a replicating individual from one damaged template to 
another. Although this model does not require that replication of un- 
damaged regions stop after one copy has been produced, this possibility 
would result in only slight bacteriophage DNA synthesis and could not 
be excluded by methods which involve measurement of bacteriophage DNA 
synthesis under conditions precluding multiplicity reactivation. 


SUMMARY 


1. The incorporation of 5-hydroxymethylcytosine (HMC) into the de- 
oxyribonucleic acid (DNA) fraction of bacteriophage-infected Escherichia 


‘Doermann et al. (19) found that about 4 per cent of the total ultraviolet light 
damage inactivates a given genetic locus. If it is assumed that most of the ultra- 
violet damage is genetic, then 1 ultraviolet hit would inactivate about one-twenty- 
fifth of the total bacteriophage DNA. If this and similar estimates (5, 20, 21) are 
approximately correct, bacteriophage irradiated with an average ultraviolet dose of 
18 hits would have roughly one-half of its DNA undamaged. 
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coli has been used as an index of bacteriophage DNA synthesis. Two 
methods for HMC determination have been described. 

9. Little or no bacteriophage DNA is synthesized until 6.5 to 7 minutes 
after infection with unirradiated bacteriophage. 

3. The bulk of the bacteriophage DNA synthesis occurs later under mul- 
tiplicity reactivation conditions rather than under ordinary conditions of 
infection. 

4. Under the conditions of these experiments little or none of the DNA 
of ultraviolet-irradiated bacteriophage, including the portions not hit, is 
replicated in the absence of multiplicity reactivation. 

5. x-Irradiated bacteriophage shows a considerably greater synthesis of 
bacteriophage DNA than can be accounted for by the presence of un- 
damaged bacteriophage. This is, however, much less than was observed 
with ultraviolet-irradiated bacteriophage under comparable conditions. 
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Since 3-hydroxyanthranilic acid was established as an intermediate in 
the biosynthesis of nicotinic acid in Neurospora crassa (1, 2), its role in 
animals (38-5) and surviving tissues (6, 7) has been studied. It is known 
that 3-hydroxyanthranilate may rise from 3-hydroxykynurenine by the 
catalytic action of kynureninase (8). Approximately 10 per cent (9) of a 
test dose of 3-hydroxyanthranilic acid is excreted as urinary quinolinic 
acid. The conversion of 3-hydroxyanthranilate to pyridine nucleotides 
was established by its niacin-replacing activity in rats receiving niacin- 
free, tryptophan-low diets (3-5). Further evidence for the role of 3-hy- 
droxyanthranilic acid as a precursor of niacin was provided by the demon- 
stration that rats excreted increased amounts of N!-methylnicotinamide 
when 3-hydroxyanthranilic acid was administered (10). Proof of this rela- 
tionship was provided by injecting C'*-carboxyl-labeled 3-hydroxyanthra- 
nilic acid and isolating labeled N'-methylnicotinamide from the urine (11). 
The studies reported here show that the carboxyl group of 3-hydroxyan- 
thranilic acid is rapidly disposed of as CO2 when this compound is injected 
into normal rats receiving a 9 per cent casein diet. Essentially all of the 
Cin the quinolinate excreted following injection of carboxyl-labeled 3-hy- 
droxyanthranilie acid was present in the 3-carboxy] carbon. 


EXPERIMENTAL 


The 3-hydroxyanthranilic acid labeled in the carboxyl group with C4 
was the same preparation previously described (11). It was combined 
with appropriate quantities of unlabeled 3-hydroxyanthranilic acid in iso- 
tonic saline solution for intraperitoneal injection. 

The young adult animals were taken from a group used in C'-labeled 
tryptophan studies already described (12). Expired CO, and urine were 
collected and the C' content was determined by the same methods pre- 
viously used (12). The N'-methylnicotinamide and quinolinie acid in the 
urine samples were determined as before by established methods (13-16). 


* Sponsored by the Atomic Energy Commission. 

} Lalor Foundation Fellow, Research Collaborator in Brookhaven Medical Depart - 
ment, Summer, 1955. Permanent address, Division of Biochemistry, Department of 
Chemistry and Chemical Engineering, University of Illinois, Urbana, Illinois, 
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Isolated, purified quinolinic acid was decarboxylated in the 2 position 
and the C™ content of the CO, determined (17). The nicotinic acid (5 
mg.) which resulted was then decarboxylated with a mixture of 125 mg. 
of copper chromite (18) and 2 ml. of quinoline in a 50 ml. round bottomed 
flask fitted with a cold finger condenser, and immersed in a salt bath at 
285° for 1 hour. Nitrogen was bubbled through the reaction mixture to 
sweep out the CO, released. The gas stream was passed through an aleo- 
hol-dry ice trap to remove water, and then collected in a multiple-coiled 
trap immersed in a liquid nitrogen bath. The CO, was estimated in the 
Van Slyke manometric apparatus and analyzed for C4 (17). The tech- 
nique for this procedure was developed by using authentic carboxy]-labeled 
nicotinic acid. This method was shown to give approximately 70 per cent 
decarboxylation. 

The urea level in the urine was determined by a modified dixanthydrol 
urea method (19, 20). 1 ml. samples of urine were mixed with 2 ml. of | 
per cent ferric chloride and 10 ml. of 0.5 per cent sodium bicarbonate and 
filtered. 5 ml. of the filtrate were placed in a centrifuge combustion tube 
(21). The dixanthydrol derivative of urea was precipitated by the addi- 
tion of a barium reagent (19) and 1 ml. of 25 per cent xanthydrol in glacial 
acetic acid. The precipitation was completed by mixing and cooling. 
The precipitate was removed by centrifuging for 5 minutes at 600 X 4g, 
washed with methanol three times, and dried in a vacuum oven. Total 
carbon and C™ of the precipitate were determined by the combustion 
method of Van Slyke, Steele, and Plazin (17), and the urea was calculated 
from the total carbon. 

RESULTS AND DISCUSSION 

‘Two animals received 3.1 and 19.1 mg. of 3-hydroxyanthranilic acid in 
single doses. The results of the analysis of the expired CO, (Table I) in- 
dicated that hydroxyanthranilic acid is rapidly metabolized. The specific 
activity of the expired CO, reached a maximal value in about 40 minutes. 
In both experiments approximately one-third of the C'! was expired in the 
Ist hour, and in 3 hours approximately 60 per cent of the isotope had been 
disposed of as carbon dioxide. 

The urine samples collected during this period of intense oxidative de- 
struction also contained substantial quantities of C' (Table II). Rat 
13 excreted approximately 9 per cent of the administered activity as quino- 
linic acid and 60 per cent as COs. During the first 12 hour period, 96 mg. 
of urea were excreted. This urea showed 23,950 disintegrations per min- 
ute, which represented 3.06 per cent of the administered C™ and 11 per 
cent of the activity in the urine. Of the 27.8 per cent of the C adminis- 
tered which appeared in the urine (Table II), over half, or 16 per cent of 
the test dose, was present as unidentified metabolites. 
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Rat 2, which received 3.1 mg. of 3-hydroxyanthranilic acid, disposed of 
only 20 per cent of the administered C™ in the urine (Table IT) in 33 hours, 
most of it in the 8 hour period following injection. 

The quinolinic acid excreted by Rat 13 was isolated after the addition 
of carrier and analyzed for C'. The results (Table II) show that the 
quinolinic acid formed from the injected 3-hydroxyanthranilic acid had a 
specific activity of 2.56 ue. per mmole, which is about 91 per cent of that 
of the injected 3-hydroxyanthranilie acid. This excreted quinolinie acid 
had 97.5 per cent of its C'* in the 3-carboxyl carbon and 2.5 per cent in 
the 2-carboxyl earbon (Fig. 1). 


TABLE | 


Rate of Expiration of CO, from Carboryl-Labeled 
38-Hydrozyanthranilic Acid 


Rat 2 Rat 13 
Received 3.1 mg., 0.41 we., in 5 ml. isotonic NaCl Received 19.1 mg., 0.34 uc., in 5 ml. isotonic NaCl 


solution intraperitoneally solution intraperitoneally 


- Per cent administered C' expired Per cent administered C™ expired 


Time from i Time from 


administration administration 
| Per min. (Cumulative total | Per min. |Comulative total 
min | min | 
0-20 0.23 | 4.70 0-60 0.62 37.3 
20-40 0.71 | 18.9 60-120) | 0.30 53.4 
40-60 0.68 32.6 120-180 0.07 o7.2 
60-90 0.46 46.5 180-360 0.012 59.4 
90-120 0.23 52.6 | 360-40 0.003 60.0 
120-180 0.11 59.3 540-720 0.002 | 60.3 
180-240 0.051 62.4 | | 
240-360 0:014 | | 
360-480 0.013 65.6 | | | 


Carrier N'-methylnicotinamide was added to a sample of urine collected 
from Rat 2 during the first 8 hours, and to a mixture of equal amounts of 
the urines of the 8 and 25 hour period of the same rat. The results of 
analyses of the isolated N'!-methylnicotinamide are shown in Table II. 
The N'-methylnicotinamide in the urine of the first 8 hour period had a 
specific activity equal to 60 per cent of that of the injected compound, 
while the N'-methylnicotinamide excreted during the first 33 hours had an 
activity equal to 22 per cent of that of the injected compound. Calcula- 
tions from these data indicate that the N'-methylnicotinamide in the urine 
excreted during the second period (25 hours) was almost devoid of isotope. 

The rapid oxidative disposal of 3-hydroxyanthranilic acid noted here 
provides a possible explanation for the relatively poor yields of quinolinic 


TABLE II 


Results of Analysis of Urine Samples for Metabolites and C Following 


3-Hydrozyanthranilic Acid Injection 


METABOLISM OF 3-HYDROXYANTHRANILIC ACID 


| Rat 2 | Rat 13 
Ist Next ist Next 
8 hr. 25 hr. 12 hr. 12 hr. 
period period period | period 
N!-Methylnicotinamide excretion, y............... 40.5 | 77.4 65.1 93.8 
Quinolinic acid excretion, y....................... 687 149 2128 81.6 
C' content of urine, % test dose.................. | 19.8 0.1 27.8 | 0.9 
Urea C™ content, % test dose...................... | ae 
3-Hydroxyanthranilic acid, specific activity, we. 
Quinolinic acid, specific activity, wc. per mmole... .. | 2.56 
Vi-Methylnicotinamide, specific activity, ue. per. | 
CM in 2-COOH of quinolinie acid, %t............. 2.5 


* This value represents the specific activity of N!-methylnicotinamide isolated 
from a sample consisting of equal parts of the urines of the 8 and 25 hour periods. 
Therefore, it is the activity of the urine excreted over the first 33 hours of the urine 


collection. 


t These values were corrected to 100 per cent decarboxylation of the samples 


5 4 3 COOH 5 43 
6,2 6 
SN N+ 


analyzed. 
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Fic. 1. Fate of isotope in the metabolism of 3-hydroxyanthranilic acids 
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acid (10 per cent) from 3-hydroxyanthranilic acid in the intact animal in 
contrast to the almost quantitative conversion to quinolinic acid by rat 
liver preparations (22). 

The relatively small yield of niacin from tryptophan in vivo is probably 
the result of (a) metabolism of this amino acid via other pathways, e.g. 
deposition in protein and excretion as kynurenine, kynurenic acid, and 
other metabolites, and (b) oxidation of 3-hydroxyanthranilic acid formed 
as an intermediate to give other products. However, tryptophan is no less 
effective than exogenous 3-hydroxyanthranilic acid in vivo as a source of 
niacin (13). This suggests that 3-hydroxyanthranilic acid formed slowly 
from tryptophan is less subject to oxidative destruction than that provided 
by injection or feeding. 

It should be emphasized that the very rapid appearance of the carboxy] 
carbon of 3-hydroxyanthranilic acid in expired CO, does not mean that the 
remainder of the molecule is completely oxidized. Loss of this carboxy] 
group from the unstable product of 3-hydroxyanthranilic oxidase (6, 7) 
(Fig. 1) occurs in the presence of a liver enzyme (23) or a number of rea- 
gents.!. Evidence that this decarboxylation, followed by closure of the 
ring to form picolinic acid, does not account for such rapid release of the 
C4 as COe2 has been obtained.? After addition of carrier picolinic acid, 
picolinic acid was isolated from the hydrolyzed urine of a rat to which ring- 
labeled tryptophan had been fed. The isolated picolinic acid contained 
only a trace of C™ in contrast to the quinolinic acid isolated from the same 
urine after the addition of the same quantity of carrier. 


The authors wish to thank Miss Rhoda Palter for technical assistance. 


SUMMARY 


1. Intraperitoneally administered 3-hydroxyanthranilic acid labeled with 
C4 in the carboxyl group was metabolized by the rat in such a manner 
that approximately 60 per cent of the isotope appeared as CO, within 3 
hours. 

2. 20 to 30 per cent of the C'* appeared in the urine within 8 to 12 hours. 

3. N'-Methylnicotinamide isolated from the urine collected during the 
first 8 hours following a small dose (3.1 mg.) of 3-hydroxyanthranilic acid 
had a specific activity per mole equal to 60 per cent of that of the injected 
hydroxyanthranilic acid. 

4. Quinolinic acid isolated from the urine of the 24 hour period of a rat 
with high dosage. (19.1 mg.) had a specific activity per mole equal to 91 
per cent of the injected hydroxyanthranilic acid. 


' Benassi, C. A., Henderson, L. M., and Hankes, L. V., unpublished results. 
* Henderson, L. M., and Gholson, R. K., unpublished results. 
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5. The isolated quinolinic acid contained 97.5 per cent of its C™ activity 


in the 3-carboxyl group and the remainder of the activity in the 2-carboxy] 
group. 
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METABOLISM OF pit-GLUTAMIC ACID-2-C" BY THE RAT* 


By ROGER E. KOEPPE, ROBERT J. HILL, WILLIAM E. WILSON, 
AND MARTIN L. MINTHORN, Jr. 


(From the Division of Chemistry, University of Tennessee, Memphis, Tennessee) 
(Received for publication, May 24, 1956) 


Although the enzymatic reactions necessary to convert a-ketoglutarate 
to oxalacetate and acetate (via citrate) have been shown to be reversible 
in vitro (1), there appears to be no evidence concerning such a reversal 
in vivo. In attempting to demonstrate such a reversal in vivo we have 
administered pL-glutamic acid-2-C™ to normal and fluoroacetate-poisoned 
rats. The labeling patterns found in aspartic acid, glutamic acid, serine, 
and alanine isolated from the tissues of the normal animals clearly demon- 
strate a pathway of glutamate catabolism other than direct conversion to 
succinate via a-ketoglutarate. This pathway is not functional in rats 
poisoned with fluoroacetate. 


EXPERIMENTAL 


Male albino rats (of Wistar origin) from our own colony were used in 
these investigations. The pi-glutamic acid-2-C™ (0.4 me. per mmole) used 
was obtained from Isotopes Specialties Company, Inc. Degradation by 
the authors showed that significant radioactivity was present only in car- 
bon 2.!. The isotopic material was dissolved in 1 to 2 ml. of physiological 
saline and administered by intraperitoneal injection. During the 4 hour 
period between injection and killing, the animals were placed in an all-glass 
metabolism chamber which was swept with a slow stream of air. The 
expired COz was trapped in alkali. Data concerning the quantities of 
glutamic acid injected are given in Table I. 

All the animals were fed Purina checkers ad libitum before and during 
the experimental period. Rats 21 and 22 received 3.5 mg. of sodium 
fluoroacetate (2) per kilo of body weight 3 hours prior to the glutamic 
acid injection, the fluoroacetate being administered by intraperitoneal in- 
jection of an aqueous solution (0.35 mg. per ml.). The animals receiving 
fluoroacetate were hypersensitive to noise and physical contact, and both 
animals experienced tetany during the experiment, Rat 21 having several 
severe convulsions. 


* Supported in part by a grant from the National Science Foundation. Presented 
in part at the Fortieth annual meeting of the Federation of American Societies for 
Experimental Biology at Atlantic City, April, 1956. 

' The International Union of Chemistry numbering system is used throughout the 
presentation. 
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Isolation Procedures—After the rat was killed by a blow on the head, 
“earcass’”’ and liver protein powders were prepared (3). ‘‘Carcass’’ refers 
to the entire animal, except liver, including the washed gastrointestinag] 
tract. 

The proteins were hydrolyzed by boiling under a reflux for 24 hours with 
10 volumes of 6N HCl. After filtration with Celite and removal of excess 
HCl by repeated vacuum distillation, the hydrolysates were treated with 
charcoal (Darco G-60) (4). 

The various amino acids were then fractionated and isolated by dis- 
placement chromatographic techniques similar to those described by Par. 
tridge and Brimley (5). Initial fractionation was accomplished by the use 
of an Amberlite IR-120 (Rohm and Haas) column. In subsequent separa- 
tions, use was made of Amberlite IR-45 and IRA-400. 

Aspartic acid was first crystallized as the copper salt and glutamic acid 
as the hydrochloride. All the amino acids were finally crystallized from 
aqueous ethanol. 

The liver amino acids were isolated without addition of carrier. Prior 
to recrystallization and degradation, suitable amounts of carrier L-amino 
acid were added. 

Each isolated amino acid was characterized by paper chromatography, 
carbon analysis, and ninhydrin-released CO,. The chromatography was 
performed on paper impregnated with 0.1 mM phosphate buffer (pH 7) or 
0.05 m NasPO, by using 76 per cent aqueous ethanol as the developing 
solvent. All the samples were recrystallized to constant specific activity. 

Degradation Procedures—The method used for glutamic acid has been 
described elsewhere (3, 6). Direct Schmidt reactions were not run on 
glutamic acid. | 

Alanine was decarboxylated with ninhydrin (7), and the acetaldehyde 
formed was trapped in 0.2 m hydroxylamine sulfate. The resulting acetal- 
doxime was oxidized to acetic acid with 2.5 per cent KMnQ, in 0.3 n 
NaOH. This solution was placed in a stoppered bottle and heated in a 
boiling water bath for 45 minutes. Acetic acid was removed from the 
acidified mixture by steam distillation, purified by Celite chromatography 
(6), and degraded by the method of Phares (8). 

By treatment with P and HI, serine was converted to alanine in 90 per 
cent yield,? which was then degraded as described above. 

Aspartic acid was 8-decarboxylated by a suspension of lyophilized cells 
of Clostridium welchii prepared as described by Meister et al. (9). The 
incubation mixture consisted of a quantity of cells sufficient (by trial run) 
to complete the decarboxylation in 1 hour (about 1 gm.) suspended in 100 


2 Koeppe, R. E., Minthorn, M. L., Jr., and Hill, R. J., Arch. Biochem. and Bio- 
phys., in press. 
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ml. of 0.02 m acetate buffer containing 1 mmole of aspartic acid and 15 
mg. of Na pyruvate (final pH 4.9). The mixture was incubated for 1.25 
hours at 37° with shaking, was centrifuged, boiled with charcoal, and fil- 
tered. Alanine and possible traces of aspartate in the filtrate were adsorbed 
on an IR-120 column in the acid form and eluted with 0.75 x NH,OH. 
After removal of ammonia by evaporation, the eluate was passed over an 
IR-45 column in the acetate form to remove any traces of aspartic acid. 
Alanine was then crystallized by addition of ethanol to a concentrate of 
the IR-45 eluate and degraded as described above. Yields of alanine were 
65 to 85 per cent. 

Carbon Analysis and Assay of Radioactivity—Carbon analyses and C™ 
assays were accomplished by the use of procedures already described (3). 
These involved manometric measurements of carbon dioxide and deter- 
mination of radioactivity with a vibrating reed electrometer. 


RESULTS AND DISCUSSION 


The data obtained from the various degradations are presented in Tables 
I, II, and III. 

Conversion of glutamate-2-C™ to a-ketoglutarate and hence to succinate 
should yield aspartic acid, alanine, and serine labeled in the carboxy] car- 
bons and glutamic acid labeled primarily in carbon atoms 1 and 2. Equi- 
libration of a-ketoglutarate with the tricarboxylic acids prior to its con- 
version to succinate should not alter the predicted labeling patterns. 

It is apparent that the normal animals, Rats 14 and 15, metabolized a 
considerable proportion of the administered glutamic acid by a pathway 
or pathways other than conversion to succinate through a-ketoglutarate. 
The aspartic acid, alanine, and serine isolated from Rat 14 had 30 to 43 
per cent of their radioactivity located in the non-carboxy! portion of the 
molecule. Glutamic acid from the same rat had over 20 per cent of the 
activity in positions 3, 4, and 5. Rat 15 incorporated an even larger per 
cent of the activity into the 3, 4, and 5 carbon atoms of glutamate and into 
the non-carboxyl portion of the other amino acids. 

The data for Rats 21 and 22 clearly indicate that fluoroacetate almost 


completely inhibits the pathway of glutamate catabolism other than its 


conversion to oxalacetate via a-ketoglutarate and succinate. The alanine, 
serine, and aspartic acid isolated from these animals contained 88 to 100 
per cent of their radioactivity in the carboxyl carbons. The lower per- 
centages were invariably obtained from samples of very low specific ac- 
tivity, inherent in which are larger experimental errors. Glutamate iso- 
lated from Rats 21 and 22 was labeled essentially in only carbon atoms | 
and 2. It should be noted here that somewhat low recoveries of activity 
are often obtained when a glutamate sample labeled primarily in carbon 2 
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is degraded. Cross contamination into other positions is less than 0.2 per 
cent, however. The low yields are apparently due to an inexplicable con. 
tamination of the carbon dioxide from carbon 2 (the last to be determined) 
with “dead” carbon dioxide, thus giving somewhat low specific activities. 


TABLE I 
Distribution of C'* in Isolated Glutamic Acid Samples 


| Rat 14 | Rat 15 | Rat 21° Rat 22° 
| 
Rat weight, gm................ ree 137 136 167 | 149 
% injected, exhaled | 26.2 20.1 | 20.2 | 20.0 


| 
| C4 in acid 


Carcass | Total 110.1 | 35.9 31.3 
Carbon 1, COOH 13.7 16.2. 10.7) 9.7 6.1) 17.0) 5.1) 16.3 
2, CHNH2 52.4 61.8 34.9 31.7 26.9 74.9 | 23.6 75.4 
«66.0 | 7.1 18.7,17.0 0.1 0.3. O.1 03 
(10.1 «11.9 36.8 33.4 0.0 0.0) 0.0 0.0 
§,COOH | 1.4] 1.6 4.5) 0.1 0.3 01 0.3 
Sum, carbons 1-5... ........ | 98.6. 105.6! 95. 33. 2 92. 5 98.9! 92.3 
Livert | Total 244.0. | 337. 0 5 79, 9 


| Carbon 1, COOH 34.5 23. 2 6.9 14.8 10.4 13.0 

| 2, CHNH, 148.9t 61.1 «134.8, 80.5 68.8 86.1 

41.3 16.9 0.0) 0.0 0.0, 0.0 

 §,COOH | 2.0/ 0.8 0.2! 0.01! 0.2) 0.2 

Sum, carbons 1-5............ mas | 100.0 | 160. 49 95.35 79.4 99.3 


* These rats atte an aienseeiiinias injection of 3.5 mg. of sodium fluoro- 
acetate per kilo of body weight 3 hours prior to administration of puL-glutamic 
acid-2-C"™, 

t These values have been corrected for dilution with carrier. 

t Determined by difference. 


Therefore, it should be emphasized that the low recoveries in some of the 
degradations of glutamic acid from Rats 21 and 22 were due, not to lack 
of detection of activity in other carbons, but to a probable slight dilution 
of carbon 2. 

The data do not clearly indicate by what mechanism C from glutamic 
acid-2-C™ is incorporated by normal rats into the non-carboxyl portion of 
aspartate, alanine, and serine and into carbons 3, 4, and 5 of glutamate. 
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It can be seen that the radioactivity was randomized to a great extent be- 
tween positions 2 and 3 of aspartic acid, alanine, and serine. In contrast, 
carbon 4 of glutamic acid had 7 to 20 times the activity of carbon 5. These 
data seem to indicate that acetate-2-C™ was formed from glutamate-2-C™. 

A conversion of a-ketoglutarate-2-C™ to acetyl coenzyme A and oxal- 
acetate (via citrate and reversal of the condensing enzyme reaction) would 
give rise to oxalacetate labeled in carbon 3 (methylene). Rapid conversion 


TaBLeE II 
Distribution of C'4 in Isolated Aspartic Acid Samples 
| Rat 14 Rat 15 Rat 21* Rat 22* 

| per per cenit | myc. per per per per per per 
mmole total mmole mmole = mmole 

Careass | Total 35.3 51.0 10.4 9.8 

Carbon 1, COOH 11.5 | 32.6 17.3) 5.0 | 48.0| 4.7t) 47.9 
2, CHNH:2 5.4 15.3 15.7 | 30.8 0.1 1.0 
| 3, 5.8 | 16.4) 16.5 | 32.4, 0.1 1.0 

4, COOH | 12.9t) 36.5 9.2t/ 18.1) 5.0 | 4.7¢, 47.9 
Sum, carbons 1-4............ 35.6 | 100.8 50.2 | 98.6 10.2 | a) 

Liver§ Total 75.7 123.9 25.0 15.8 
Carbon 1, COOH 22.9 | 30.2 15.0 12.1) 44.4 47.5 
CHNH: | 12.2] 16.1! 40.7 | 32.8 
3, 12.3 16.2 42.2 | 34.0 | 
4, COOH 23.14} 30.5 16.14 13.0 7.54 47.5 

Sum, carbons1-4............ 70.5 | 93.0 114.0 | 91.9 | 


* These rats received an intraperitoneal injection of 3.5 mg. of sodium fluoroace- 
tate per kilo of body weight 3 hours prior to administration of pL-glutamic acid-2-C". 

t Determined by dividing the value of carbons 1 + 4 by 2. 

t Determined by subtracting the value of carbon 1 from that of carbons 1 + 4. 

§ These values have been corrected for dilution with carrier. 


of the latter molecule to acetate through pyruvate with only slight ran- 
domization would result in the formation of methyl-labeled acetate. Al- 
though such a conversion might be expected in an animal rich in reduced 
diphosphopyridine nucleotide and adenosine triphosphate, which was stor- 
ing energy as fat, the authors are not aware of any other experimental 
evidence in support of this postulate. The finding of considerable ran- 
domization between positions 2 and 3 of alanine and serine in contrast, to 
the lack of randomization between carbons 4 and 5 of glutamic acid strongly 
suggests an appreciable formation of methyl-labeled acetate. 

The strong inhibition by fluoroacetate lends support to this hypothesis, 
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since it is known to block aconitase action (10, 11). Moreover, the fluoro. 
acetate animals were undoubtedly ‘“energy-poor”’ and were probably at. 
tempting to operate the Krebs cycle in an oxidative fashion. The energy 
state of the animals is an important factor in these studies, since Shemin 
(12) found that the glycine in urinary hippurate obtained from fasted ani- 
mals fed glutamic acid-1, 2-C'8 was labeled only in the carboxy] carbon, 
The data of Shemin are clearly in contrast with those which we have ob- 
tained with animals which had been fed. 

Though the condensing enzyme has been shown to function reversibly, 


TABLE III 
Distribution of C'4 in Isolated Carcass Serine and Alanine 
| Rat 14 | Rat 15 | Rat 21* Rat 22* 
"mmole | total |, | Per | cent | 
Serine Total 8.5 | 1.7 0.8 
Carbon 1, COOH 56.4 | 1.6 | 18.8 | 1.5 | 88 | 0.7) 
| 2,CHNH: | 1.3 16.7 2.7 | 31.8 
| 3,CH,0H | 2.1¢ | 26.9 3.8 44.7 | | 
| | | 
Sum, carbons 1-3............. 7.8 100.0 (95.3 | | 
Alanine | Total 12.8 | | 2.6 1.2 
Carbon 1, COOH 6.7 | 652.3} | 2.4 | 92 | 1.2 | 100 
CHNH, 2.9 22.6 | | | 
” 3, CH; 3.1 24.2 | 
Sum, carbons 1-3............. | 12.7 | 99.1 | | | | 


* These rats received an intraperitoneal injection of 3.5 mg. of sodium fluoroace- 
tate per kilo of body weight 3 hours prior to administration of pL-glutamic acid-2-C™, 
t Determined by difference. 


the equilibrium markedly favors citrate formation (13). From this fact, 
one may speculate that a citritase (14-21) enzyme occurs in mammalian 
tissue. If such were the case, a relatively small amount of energy would 
be needed to convert a-ketoglutarate-2-C" to oxalacetate-3-C™. Subse- 
quent rapid conversion of oxalacetate-3-C", with only slight randomization, 
to acetate-2-C™ would explain the data. It should be mentioned that an 
isocitrase (21-25) reaction is not compatible with the data obtained. Such 
a reaction would result in the formation of glyoxylate-2-C™, which has been 
shown to give rise to nearly random-labeled acetate (26, 27). Moreover, 
fluoroacetate would not be expected to inhibit an isocitrase reaction. 
Recently, Heck ct al. (28) have reported that pi-hydroxyproline-2-C" 
is metabolized by a pathway yielding alanine of higher specific activity 
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than aspartate and glutamate. These authors suggest a conversion to 
y-hydroxyglutamic acid, followed by a cleavage to alanine and glyoxylate. 
Conversion of glutamate to hydroxyproline and then to alanine could not 
account for the results reported here. Such a conversion would yield 2-la- 
beled alanine and therefore 2-labeled pyruvate and carboxyl-labeled ace- 
tate. These compounds would in turn yield glutamate randomized in 
positions 2 and 3, but with much more activity in carbon 5 than in carbon 
4, Moreover, aspartic acid isolated in the experiments reported here had 
a higher specific activity than did alanine. 

Although the unusual labeling found in Rats 14 and 15 might be ex- 
plained by a breakdown of glutamate which does not proceed through 
a-ketoglutarate, there is no evidence for such a reaction. Since both p- 
and t-glutamic acid can be rapidly converted to a-ketoglutarate, it seems 
logical to assume that these are by far the most significant reactions from 
a quantitative standpoint. That the normal animals metabolized most of 
the glutamic acid prior to incorporation into protein is indicated by the 
high specific activity found in carbons 3 and 4 of the isolated glutamic 
acid samples. The marked inhibition observed with fluoroacetate appears 
to implicate strongly one of the tricarboxylic acids as the key intermediate 
in this other pathway of glutamic acid catabolism. Since an isocitrase 
type reaction is not compatible with the data, citrate would seem to be the 
probable point of cleavage. 

The results certainly emphasize the fact that care should be taken in 
interpreting labeling patterns obtained from compounds which enter the 
Krebs cycle at the tricarboxylic acid stage. 


SUMMARY 


Following administration of pt-glutamic acid-2-C™ to normal and fluoro- 
acetate-poisoned rats, the labeling patterns in tissue glutamate, aspartate, 
alanine, and serine have been determined. A very considerable per cent 
of the total radioactivity was found in the non-carboxy] portion of aspartic 
acid, alanine, and serine, and in the 3, 4, and 5 carbon atoms of glutamic 
acid isolated from normal rats. In contrast, rats poisoned with fluoroace- 
tate synthesized aspartate, alanine, and serine essentially carboxyl-labeled, 
and glutamate labeled in positions 1 and 2. 


The authors wish to acknowledge the technical assistance of Mr. Walter 
A. Peterson, Jr. 
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Preparations of calf thymus histone are now known to consist of a num- 
ber of proteins (3-9). The histones can be separated into two main frac- 
tions by chromatography on the carboxylic acid resin IRC-50 (9). In the 
present study, this chromatographic procedure has been used to fractionate 
histones prepared from the nuclei of cells other than calf thymus with the 
object of learning, if possible, whether or not histones are species- or organ- 
specific. It has been found that, when the same methods of isolation are 
used, remarkably similar histone fractions are obtained from calf thymus, 
liver, and kidney, and from guinea pig testis. It has also been found that 
changes in the methods of preparation of histones give rise to products 
with different chemical properties, and this finding has permitted the de- 
velopment of more rapid procedures for the isolation of reproducible histone 
fractions from calf thymus. 


EXPERIMENTAL 
Preparation of Histone Mixtures from Different Tissues 


For the comparative studies, the nucleoprotein fractions from calf liver 
and kidney and guinea pig testis' were prepared by procedures based on 
the principles which underlie the Mirsky-Pollister method for obtaining 
deoxyribonucleoproteins (10, 11). A typical preparation of calf kidney 
nucleoprotein will serve to illustrate the procedures used. The tissue was 
brought to the laboratory on ice, and, within 75 minutes of the death of 
the animals, the minced kidney (150 gm.) was homogenized with 300 ml. 
of 0.0004 1 NaHCO; solution (pH 7) by mixing at high speed for 2 min- 
utes in a Waring blendor. The homogenate was immediately mixed with 
300 ml. of 0.3 mM NaCl and centrifuged for 15 minutes at 700 X g (horizon- 
talhead). The supernatant fluids were withdrawn by suction, centrifuged, 


* Preliminary reports of parts of this work have been presented at meetings of the 
Federation of American Societies for Experimental Biology (1, 2). 

t Present address, Departments of Pathology and Biochemistry, College of Medi- 
cine, University of Florida, Gainesville, Florida. 

1 We are indebted to Dr. Jules Freund, The Public Health Research Institute of 
the City of New York, Inc., for supplying the guinea pig testes which were kept frozen 
for several weeks prior to the isolation of the nucleoprotein. 
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and discarded. The residues from both centrifugations were transferred 
with 300 ml. of 2 m NaCl to a Waring blendor operated at one-fourth 
maximal speed with the aid of a variable transformer. After 10 minutes 
of mixing and 20 minutes of standing, the viscous suspensicn was centri- 
fuged for 30 minutes at 2000 X g (angle head). The residue was reex. 
tracted with 75 ml. of 1.0 m NaCl, centrifuged, and discarded. To pre. 
cipitate the nucleoprotein, the combined extracts (425 ml.) were slowly 
poured with gentle stirring into 2 liters of distilled water to reduce the 
concentration of NaCl from about 1.1 m to about 0.2 m. After 30 min. 
utes, the bulk of the supernatant fluid was decanted. The nucleoprotein 
fibers were collected by centrifugation. 

The histones were obtained by dissociating the nucleoprotein fraction 
with 2.6 m NaCl and ethanol (12). For this purpose, the nucleoprotein 
fraction was immediately dispersed in 150 ml. of distilled water with the 
aid of a Waring blendor operated at full speed for 30 seconds. After dis- 
solving 30.4 gm. of NaCl in this mixture, enough water (about 35 ml.) was 
added, with mixing, to bring the total volume to 200 ml. After standing 
for 30 minutes, the turbid solution was centrifuged for 5 minutes at 2000 x 
g (angle head), and the residue so obtained was reextracted with 20 ml. of 
2.6 M NaCl. To the combined supernatant fluids (volume, 220 ml.), an 
equal volume of 95 per cent ethanol was added. After vigorous shaking, 
the fibrous precipitate, containing sodium deoxyribonucleate, was with- 
drawn, pressed to remove excess fluid, and washed by decantation with 
100 ml. of a solution containing equal parts by volume of ethanol and 2.6 
M NaCl. These washings were combined with the original, clear ethanolic 
supernatant fluid, whereupon a 2nd volume of ethanol was added. After 
30 minutes, the precipitate thus produced was removed by centrifuga- 
tion (10 minutes at 900 X g in a horizontal head), and the clear eth- 
anolic supernatant fluid was filtered to remove residual sediment. The 
operations to this point were carried out without interruption. The etha- 
nolic histone extract was reduced at low pressure to one-third of its original 
volume with the aid of a rotary evaporator at a bath temperature below 
40°. After dialysis for 3 to 5 days against five changes of 8 liters each 
of distilled water, the histone solution was centrifuged and lyophilized. The 
yield was 3.3 mg. of material per gm. of whole kidney. A similar yield 
was obtained from liver, but the yield from guinea pig testis was about 
half as great. Preparations made according to this procedure are desig- 
nated “‘dialyzed histone mixtures.”’ 

To prepare histones from calf thymus, distilled water ‘‘nucleohistone 
extracts’? were prepared as previously described (12), except that the 
washed residues were extracted for 1 to 2 hours rather than for 24 hours 
(12, 2). The longer extraction period was employed for the preparations 
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used in the experiments shown in Fig. 5, a, b, and c. The mixture pro- 
duced by slow addition to the nucleohistone extract of an equal volume of 
0.30 m NaCl was, after 15 to 30 minutes, centrifuged for 15 minutes at 
000 X g (horizontal head). ‘The sediment was resuspended in the original 
volume of 0.15 Mm NaCl (or saline-citrate, pH 7) and centrifuged. The 
washed precipitate was dispersed in distilled water by brief (30 seconds) 
treatment in a high speed mixer. Preparations of this type, designated 
“once precipitated nucleohistone,” gave, on the average, a ninhydrin color 
equivalent to 9.4 uwmoles of leucine per ml., when the concentration was 
such that the product derived from 30 gm. of calf thymus was dispersed in 
100 ml. 

To dissociate the histones from the once precipitated thymus nucleohis- 
tone, distilled water and 4 Mm NaCl (or 4 mM NaOAc, pH 6.5) were added 
with thorough mixing to give a mixture (2 mM with respect to NaCl or 
NaOAc) that contained the nucleoprotein yielded by 3 to 7 gm. of calf 
thymus per 100 ml. To the viscous mass, 2 volumes of ethanol were added, 
and the histones were recovered by the procedures applied to the other 
nucleoprotein preparations described above. The recovery of lyophilized 
material was 23 to 29 (average 27) mg. per gm. of calf thymus. The strong 
salt-ethanol treatment liberated over 90 per cent (average 95 per cent) of 
the total ninhydrin color from the nucleohistone.?. Of the material sub- 
jected to dialysis, 68 to 76 per cent (based on ninhydrin color) was recov- 
ered as a lyophilized powder. 

Direct Preparation of Bartum Acetate-Ethanol Extracts for Chromatog- 
raphy —Distilled water and 2 m Ba(OAc).2 were added to the once precipi- 
tated nucleohistone from calf thymus, so that 100 ml. of the viscous mass 
which resulted after thorough mixing contained the nucleohistone yielded 
by 15 to 20 gm. of calf thymus and was 0.6 m with respect to Ba(OAc)>. 
After 30 minutes, 2 volumes of 95 per cent ethanol were added in two equal 
portions with vigorous shaking. In order to compress the fibrous precip- 
itate, the mixture was centrifuged (5 minutes at 2000 X g), and the super- 
natant fluid was rapidly filtered by suction through a sintered glass plate. 
The fibrous precipitate was pressed on the filter plate with a spatula to 
remove as much as possible of the occluded fluid. The filtrate was evap- 
orated to at least one-third of its original volume, and sufficient water was 
added to the aqueous residue to lower the Ba concentration to 0.1.M. This 
solution was used directly for chromatography after adjustment to pH 


> When the nucleohistone was more concentrated before the addition of ethanol, 
a lower percentage was dissociated. Thus only 83 per cent was liberated by the addi- 
tion of 2 volumes of ethanol to the product from 15 gm. of calf thymus dissolved in 
100 ml. of 2m NaCl. A similar concentration dependence has been reported by Smil- 
lie, Marko, and Butler (13). 
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5.9 to 6 by the addition of 1 N HOAc (0.81 ml. per 100 ml.). This pro. 
cedure, which did not require dialysis, liberated about 67 per cent of the 
total ninhydrin color of the nucleohistone* and required a period of 15 
hours. An additional 3 to5 days were needed when dialysis was employed 
to obtain histone mixtures from NaCl-ethanol extracts (see above). 

An undialyzed histone mixture was also obtained rapidly by treatment 
of the nucleohistone with HCl. The once precipitated nucleohistone (con- 
taining the product from 30 gm. of calf thymus per 100 ml.) was added 
slowly with thorough mixing to an equal volume of 0.5 x HCl containing 
0.2 m Ba(OAc)e. After 15 minutes, the mixture was centrifuged (5 min- 
utes at 2000 X g), and the supernatant fluid was filtered rapidly through 
a sintered glass plate. The filtrate was brought to pH 6 with 0.1 x 
Ba(OH): and used directly for chromatography. The presence of chloride 
(0.25 M) in the sample did not appear to alter the chromatographic behavior 
of the histones. By this procedure 74 per cent of the total ninhydrin color 
of the nucleohistone was extracted. 

Preparation of Histone Fractions by Direct -xtraction (without Chromatog- 
raphy)—To 100 ml. of a distilled water suspension of the once precipitated 
nucleohistone containing the product from 30 gm. of calf thymus, 2 vol- 
umes of 0.3 m Ba(OAc)2 (pH 6 or 8) were added slowly with stirring. 
After 15 to 30 minutes, the mixture was centrifuged (2000 X g for 5 min- 
utes) and the sediment was saved for the preparation of Fraction B. The 
supernatant fluid (subsequently shown to contain mainly Fraction A) was 
decanted and rapidly filtered through a sintered glass plate. ‘To the fil- 
trate, which contained about 30 per cent of the total ninhydrin color of the 
nucleohistone, 2 volumes of 95 per cent ethanol were added. After 15 
minutes, a precipitate appeared which carried down about 30 per cent of 
the ninhydrin color that had been extracted. The precipitate was cen- 
trifuged, washed twice with 70 per cent ethanol, once with 95 per cent 
ethanol, and dried over CaCl. in a vacuum desiccator. The residue thus 
recovered has been designated Fraction PE (precipitated by ethanol); the 
yield per gm. of calf thymus was about 10 mg. of PE, of which only about 
10 per cent is protein.4 The ethanol was evaporated from the super- 
natant fluid remaining after the precipitation of Fraction PE, and water 


3 The recovery was greater when the ethanol was added to a more dilute solution 
of the nucleohistone. When the product from 1 gm. of calf thymus was dissolved in 
100 ml. of 0.6 m Ba(OAc)>., 85 per cent of the ninhydrin color was released (see foot- 
note 3 in Crampton ef al. (9)). 

4 Fraction PE contains substances other than proteins. On hydrolysis for 22 
hours, with 6 N HCl] at 110°, it provides only about 0.7 umole of total amino acids per 
mg., while Fractions A and B yield about 9 and 8 wmoles per mg., respectively. Im- 
mediately after precipitation by ethanol, the bulk of Fraction PE was insoluble in 
water and dilute Ba(OAc)>, but dissolved in strong Ba(OAc)>». 
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was added to lower the Ba(OAc)2 molarity to 0.1 Mm. Direct chromatog- 
raphy of this solution, after adjustment to pH 5.9 to 6.0, gave a peak only 
at the position of emergence of Fraction A. 

After the removal from the nucleohistone of Fractions A and PE, the 
residue insoluble in aqueous 0.2 mM Ba(OAc). contains mainly Fraction B. 
From this residue, it was possible to isolate directly histone fractions that 
had properties similar to those of Fractions B isolated chromatographically. 
To obtain by direct extraction Preparation 21 (or Preparation 25) listed in 
Table III, the residue insoluble in 0.2 mM Ba(OAc)2 was dispersed in water, 
and 2 M Ba(OAc)e was added so that the mixture which resulted after 
thorough stirring was 1.0 mM (or 0.6 M) with respect to Ba(OAc),. and con- 
tained per 100 ml. the product from 10 gm. (or 21 gm.) of calf thymus. 
After 30 minutes, a 2-fold volume of 95 per cent ethanol was added, and 
the histone remaining soluble was brought to 0.1 Mm Ba(OAc)s, pH 6.0, 
by the same procedures which were used to prepare the mixtures of Frac- 
tions A and B employed for chromatography. Such solutions contained 
59 per cent (Preparation 21) and 44 per cent (Preparation 25) of the nin- 
hydrin color of the original nucleohistone. 

In one experiment, it was found that histones can be liberated not only 
by the addition of ethanol to solutions of the nucleohistone in strong 
Ba(OAc)e, but also by direct extraction of the nucleohistone with ethanol 
containing Ba(OAc)e. To obtain the material designated as Preparation 
27 in Table III, the nucleohistone residue insoluble in aqueous 0.2 mM 
Ba(OAc)»2 (the product from 10 gm. of calf thymus) was dispersed in 100 
ml. of 63 per cent ethanol containing 0.1 m Ba(OAc)e at pH 6. After 30 
minutes, the mixture was centrifuged (5 minutes at 2000 X g), and the 
supernatant fluid was filtered rapidly through sintered glass, evaporated 
nearly to dryness, and brought to 0.1 m Ba(OAc)2, pH 6. This solution 
contained 18 per cent of the ninhydrin color of the original nucleohistone. 
When the residue from this extraction was similarly treated at a higher 
Ba(OAc)2 concentration (0.27 mM), an additional 15 per cent of the ninhy- 
drin color was obtained. 

In order to obtain nearly salt-free samples from solutions of the his- 
tones in 0.1 m Ba(OAc)e (or from column effluents of higher molarity), 1 
M (NH,4)oSO,4 was added until no further precipitate was produced. After 
centrifugation of the barium sulfate, the water and ammonium acetate 
were removed from the supernatant fluids by lyophilization. The com- 
hined losses incurred during the lyophilization procedure, and by coprecipi- 
tation of histone with the large precipitate of barium sulfate, were usually 
less than 20 to 30 per cent. 

Chromatography of Histones on IRC-50--In the present investigations, 
histones were chromatographed on 10 or 30 em. columns of Ba IRC-50 
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(XE-64), which had been equilibrated with 0.1 m Ba(OAc).2 at pH 6.7 or 
at pH 6.0. A number of histone preparations gave the same effluent pat- 
terns when tested at both pH values. The resin was prepared, the col- 
umns were poured and operated, and the fractions were collected and 
analyzed exactly as described previously (9). Chromatograms on an ana- 
lytical scale were performed with columns 0.9 cm. in diameter. In the 
comparative studies, Fractions A and B were isolated from dialyzed histone 
mixtures from liver, kidney, and testis by chromatography on 4 X 30 em. 
columns at pH 6.7 exactly as were the corresponding fractions from thy- 
mus. The Ba(OAc)2 was removed from the combined effluent fractions 
that contained the histones by dialysis against changes of distilled water. 
The yields of each fraction from 400 mg. of the different dialyzed total mix- 
tures were about the same as those previously obtained from calf thymus. 
The fractions from the rapidly prepared undialyzed calf thymus histone 
mixtures were obtained by chromatographing samples that contained the 
product of 20 gm. of calf thymus on 4 & 10 ¢m. columns at pH 6.0. The 
eluent of gradually increasing Ba(OAc). concentration was produced by 
continually adding 1.0 m Ba(OAc)2, pH 6, to a 1 liter mixing chamber 
initially filled with 0.1 m Ba(OAc)s, pH 6. Effluent fractions of 20 ml. 
were collected. In these experiments, the histones were obtained from 
the appropriate fractions by the addition of (NH,4)2SQx,, centrifugation, and 
lyophilization, as described above. In several instances the histones were 
later subjected to dialysis. For this purpose, solutions in distilled water 
(Fraction B, 1 per cent, and Fraction A, 0.2 per cent) were prepared and 
transferred to dialysis sacs (Visking casing 27/32 or 36/32), together with 
3 volumes of 95 per cent ethanol, with the object of sterilizing the interior 
of the dialysis membranes. After dialysis at 4° for 2 to 5 days against 
repeated changes of distilled water, the solutions were lyophilized. 
Determination of Amino Acid Composition of Histones—<As before (9), 
the methods of Hirs et al. (14) were used for hydrolysis. Hydrolysates of 
the total nucleohistone were prepared by heating in a sealed, evacuated 
tube 1 ml. of 12 n HCI, together with a 1 ml. aliquot of the once precipi- 
tated nucleohistone, which contained the product from 30 gm. of calf thy- 
mus in 100 ml. and yielded upon hydrolysis about 81 umoles of total amino 
acids per ml. Hydrolysates of the 2 m NaCl-ethanol extract were similarly 
prepared from | ml. of 12 x HCI, together with 1 ml. of the extract adjusted 
to contain, in | ml. of 4 m NaCl, the histones liberated from 1 ml. of the 
once precipitated nucleohistone. Samples of the lyophilized fractions de- 
rived from preparations of the dialyzed histone mixtures were simultane- 
ously weighed for the determination of (Kjeldahl) nitrogen (5 mg.) and 
amino acid composition (2 mg.). Amino acid analyses of hydrolysates of 
these particular fractions (Table 1) were performed by the use of 150 cm, 
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columns of Dowex 50-X4 (15, 16). All of the subsequent analyses were 
carried out with columns of an 8 per cent cross-linked resin used in con- 
junction with automatic recording equipment (17). The authors are most 
grateful to Dr. D. H. Spackman for his valuable cooperation in the per- 
formance of these analyses. 

When ammonium sulfate had been used in the preparation of the histone 
sample, thus invalidating the determinations of ammonia in the hydroly- 
sate, the recovery of each amino acid was referred to the per cent of the 
total recovered nitrogen, exclusive of ammonia. All of the hydrolysates 
of Fractions B and of the total nucleohistone contained a small, unidenti- 
fied peak emerging from the column Just after lysine. 

Chromatographic Analysis of Tryptic Hydrolysates of Histones—For the 
purpose of comparing histones of different origins, chromatography of the 
peptides liberated by the action of trypsin was investigated. The pro- 
cedure was based upon that employed in the experiments of Hirs et al. (18) 
on the peptides liberated by the action of trypsin on oxidized ribonuclease. 
To effect the hydrolysis by trypsin, a mixture containing equal volumes of 
a solution of a histone fraction (2.2 mg. per ml.) and a solution of trypsin 
(0.017 mg. per ml.) was stirred at 26° + 3°.5 The solutions were prepared 
immediately before use by dissolving the materials in 0.1 m NaOAc at pH 
7.1. The trypsin was a twice crystallized, salt-free product obtained from 
the Worthington Biochemical Corporation, Freehold, New Jersey (lot No. 
TR426SF). The reaction was followed by ninhydrin analyses. The hy- 
drolysis was initially very rapid. After 30 minutes, about a 2-fold increase 
in ninhydrin color of calf thymus histone Fraction B occurred. After 21 
hours, the increase was 2.4- to 2.5-fold for all Fractions B studied. In 
order to stop the reaction after 21 hours, 1.0 N HCl was cautiously added 
to bring the hydrolysates to pH 2.2 (checked with a single drop, glass elec- 
trode). About 1 ml. of 1.0 N HCl was required per 10 ml. of hydrolysis 
mixture. The hydrolysates were centrifuged before being added to the 
column. 

The tryptic hydrolysates were chromatographed on columns of Dowex 
50-X2 0.9 cm. in diameter and 150 cm. in height. The buffer used for 
elution and the resin were prepared, the columns were operated, and the 
fractions were analyzed according to the procedures described by Hirs e¢ al. 
(18). The samples were added to columns initially equilibrated with 0.2 


5 Stirring was necessary in order to keep uniformly suspended a precipitate which 
generally appeared about 15 minutes after the trypsin was mixed with solutions of 
Fractions B. The precipitate largely disappeared after 21 hours of hydrolysis. 
The quantity of precipitate appeared to be less when an acetate buffer was employed 
instead of phosphate. Despite the poor buffer capacity of acetate buffers at pH 7.1, 
the pH of the digestion mixture fell only about 0.1 of a pH unit in 21 hours. 
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N sodium citrate buffer at pH 3.1. A continual change in the eluent was 
achieved by adding 1 N sodium citrate-acetate buffer (pH 5.1) to a mixing 
chamber (500 ml.) initially filled with 0.2 N sodium citrate buffer at pH 3.1. 
The rate of change of the composition of eluent was increased by using 2 
N sodium citrate-acetate buffer (pH 5.1) in place of the 1 N buffer after 440 
to 460 effluent ml. An additional change of eluent was made at 1100 ml., 
at which point 2 n buffer at pH 5.1 was added directly to the column. 
The residual buffer above the resin surface was not removed when the last 
change was made. The columns were operated at 35°, and 2 ml. effluent 
fractions were collected. A flow rate of about 9 ml. per hour was main- 
tained. 


RESULTS AND DISCUSSION 
Comparison of Histones from Different Tissues 


Amino Acid Composition of Dialyzed Total Histone Mixtures—The amino 
acid composition of the dialyzed histone mixtures prepared from calf liver, 
calf kidney, and guinea pig testis is given in Table I. The values pre- 
viously obtained for the total histone mixture from calf thymus are in- 
cluded for comparison. The histone mixtures in each case were obtained 
by NaCl-ethanol extraction of the total nucleohistone with subsequent 
dialysis. It is apparent from the data in Table I that, in agreement with 
the conclusions of Daly, Mirsky, and Ris (19), the amino acid composi- 
tions of the histone mixtures from various organs, though not identical, are 
similar. All contain large amounts of lysine and arginine and considerable 
quantities of alanine; all are low in cystine, methionine, and the aromatic 
amino acids. 

Chromatographic Behavior of Histone Mixtures—Samples of the histone 
mixtures isolated from calf kidney, calf liver, and guinea pig testis, when 
chromatographed on columns of Ba IRC-50, gave the results shown in 
Fig. 1. A chromatogram obtained previously from calf thymus histone is 
included for comparison. It should be noted that all of these mixtures 
have been prepared by a procedure in which prolonged dialysis was em- 
ployed. The preparations from kidney, liver, and testis each contained 
major components which emerged at about the same positions as the his- 
tone Fractions A and B previously encountered in calf thymus histone. 
Together, the two peaks, A and B, represented total recoveries, on a nin- 
hydrin color basis, of 52, 52, 49, and 66 per cent, respectively, for the prep- 
arations from kidney, liver, thymus, and testis. As has been discussed 
previously (9), the low recoveries apparently result from the presence in 
these histone mixtures of additional components that are not eluted from 
the resin under the conditions used. 

Amino Acid Composition of Histone Fractions from Different Tissues— 
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In Figs. 2 and 3 are indicated the amino acid compositions found by anal- 
yses performed on the chromatographically purified (cf. Fig. 1) histone 
Fractions A and B from calf liver, calf kidney, and guinea pig testis. The 
results previously obtained with the corresponding fractions from calf thy- 
mus are also included for comparison. The heights of the columns are 


TABLE I 
Amino Actd Composition of Dialyzed Total Histone Mixtures from Different Tissues 
Based on analyses of 22 hour hydrolysates on columns of Dowex 50-X4 (15, 16). 


N as per cent of total N 
Amino acid 
Calf liver Calf kidney 

Aspartic acid............... 3.1 3.7 3.5 4.0 
ESS" 5.3 5.6 5.6 5.8 
4.0 3.8 4.0 3.7 
2.8 2.9 2.9 2.6 
3.7 3.7 3.8 3.5 
0.63 0.81 0.66 0.75 
3.2 2.8 3.3 3.7 
Phenylalanine.............. 1.4 1.3 1.3 1.2 
3.9 3.7 3.5 4.1 
19.1 16.4 16.7 15.2 

97 .3 94.5 96.3 93 .0 


* The values for serine, threonine, and tyrosine were corrected for the average 
percentage losses of these amino acids found from analyses of 22 hour and 70 hour hy- 
drolysates of the histone Fractions A and B isolated from the mixtures. 


based on values precise to about +5 per cent® with the possible exception 
of those amino acids that account for less than 1 per cent of the total N, 
for which the data may be less accurate. 

The data summarized in Fig. 2 show that Fractions A from the four dif- 


6 The values for histidine are the least trustworthy. When hydrolysates of his- 
tones were analyzed on columns of Dowex 50-X4, it was frequently difficult to choose 
the proper blank in the histidine region of the chromatograms. This difficulty is no 


longer encountered in the procedures used with the automatic recording equipment 
(17). 
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ferent tissues all possess similar amino acid compositions. Each contains 
unusually large amounts of lysine, alanine, and proline. The protein from 
liver is scarcely distinguishable from that from thymus. Calf kidney Frac- 
tion A differed from the corresponding fraction from thymus by the pres- 
ence of somewhat more histidine and less arginine. Histone Fraction A 
from guinea pig testis, on the other hand, contains more aspartic acid, 
glutamic acid, tyrosine, and histidine, and less proline than do any of the 


Caif kidney B 


25 50 ae 100 


Ninhydrin color value 
(Leucine equivalents - mM conc.) 


Calf thymus 
0.10+ A 


Effluent ml. 25 50 5 100 
oH 67 [010mM(50 ml.) ~ 0.5 M| pH 85 


"4 calf iver B 


0.30+ 


0.15 


25 50 15 100 


Guinea pig testis = 


Effluent ml. 25 100 
pH 67 [010m (50 mL) - pha 


Fic. 1. Chromatography of total histone mixtures from different organs on col- 
umns of Ba IRC-50 (30 X 0.9 cm.) showing the presence of histone Fractions A and 
B. The mixtures from calf kidney, calf liver, calf thymus, and guinea pig testis 
(8, 20, 5, and 20 mg., respectively) were added to the columns as solutions in 0.1 M 
Ba(OAc)>: at pH 6.7, the buffer with which the columns were initially equilibrated. 
The ionic strength of the influent was gradually increased by allowing 0.5m Ba(OAc)s, 
at pH 6.7, to flow into a 50 ml. mixing chamber containing initially 0.1 m buffer at the 
same pH. The 0.5m Ba(OAc): was replaced by 2 mM Ba(OAc)., at pH 8.5, after about 


55 effluent ml. had been collected. 


calf proteins. In the preparation from guinea pig testis, a small amount 
(0.24 per cent of the total N) of cystine was also detected. 

The individual histone Fractions B were even more similar to each other 
in amino acid composition (see Fig. 3) than were the individual Fractions 
A. The only values obtained for the several fractions that were beyond 
the normal range of analytical variability are those for histidine, the deter- 
mination of which was complicated by technical difficulties,® and the ex- 
trapolated values for proline and serine in the calf liver histone. 

In general, Fractions B isolated from the organs of the calf contain more 
than twice as much arginine, aspartic acid, and glutamic acid, but only 


Nitrogen as percent of total nitrogen 
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| half as much lysine, alanine, and proline as Fractions A. Fractions B 
also contain much more histidine, methionine, phenylalanine, and tyro- 
sine. 

Most of the values found for the amino acids in the hydrolysates of the 
total mixtures (Table 1) fell between the quantities found for Fractions A 
and B, with the exception of arginine, phenylalanine, and serine. ‘The 


Calf Guinea 


Proline Arginine Serine Threomne Glycine Leucine Valine 


a 


He 


Nitrogen as percent of total nitrogen 


Glutamic Aspartic  Iso- Phenyl- Tyrosine Histidine Metho- Cystine Amide- 
acid acid leucine alanine nine NH, 


Oo 


Fic. 2. Amino acid composition of histone Fractions A from different tissues. The 
heights of the columns are proportional to nitrogen as per cent of total nitrogen ac- 
counted for by each amino acid. The results are based on analyses of 22 and 70 hour 
hydrolysates (cf. (9)). The analyses accounted for 96 to 98 per cent of the total nitro- 
gen. 


fact that all of the total histone mixtures contained more arginine and 
phenylalanine and less serine than any of the recovered fractions suggests 
that the components of the mixtures that are bound irreversibly on chro- 
matography are also very much alike. 

From the analytical data summarized in Figs. 2 and 3, it would appear 
that the dialyzed histone mixtures isolated from different organs of the 
calf by the procedure described in the experimental section are composed 
of similar proteins. 

Chromatographic Comparison of Tryptic Hydrolysates of Histones from 
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Different Tissues—-Analysis of the products of enzymatic hydrolysis pro- 
vides a means, in addition to the chromatographic behavior and over-all 
amino acid composition, for comparing similar proteins. Theoretically 
two proteins could be eluted together from Ba IRC-50 and contain identi- 
cal amounts of all of the amino acids, but still differ with respect to the 
order in which their constituent residues are arranged in the polypeptide 


20 
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Calf Guineal 


3 


Lysine Alanine Glutamic Leucine Glycine Serine Histidine Valine 


=/ 

Aspartic Temne Iso- Proline Tyrosine Phenyl- Methio- Cystine 
acid leucine alanine nine 


Fic. 3. Amino acid composition of histone Fractions B from different tissues. 
The heights of the columns are proportional to nitrogen as per cent of total nitrogen 
accounted for by each amino acid. The results are based on analyses of 22 and 70 
hour hydrolysates (cf. (9)). The analyses accounted for 94 to 97 per cent of the total 
nitrogen. 


chain. If, however, two proteins differ with respect to the sequences of 
their constituent amino acids, they would not be expected to yield similar 
mixtures of peptides when hydrolyzed by an enzyme. 

When 21 hour tryptic hydrolysates from 14 to 19 mg. samples of Frac- 
tions B from different organs were chromatographed on 150 em. columns 
of Dowex 50-X2, all four hydrolysates yielded remarkably similar effluent 
curves, as may be seen from Fig. 4. In each pattern there is evidence for 
about thirty-five chromatographically different substances. Overlapping 
undoubtedly obscures additional components. The production of numer- 
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ous fragments from proteins so rich in lysine and arginine (see Fig. 3) is 


| not unexpected if, in its action on histones, trypsin exhibits a specificity 
; the same as that observed in the hydrolysis of synthetic substrates (20), 


nymus 


calif liver B 


Cone ) 


COT’ V 

CQulvalentls 


La Calf Kidney B 
; 


Fffiuent ml. 200 400 M 300 1000 1200 1400 
Gradually increasing pH and Na 
(Q2N, pH31--—10N, 9H 41)-'- ( ~2N, 9H 51) --!+—Influent 2N, pH 


Fic. 4. Chromatographie comparison of 21 hour tryptic hydrolysates of histone 
Fractions B from different organs on columns of Dowex 50-X2 (150 XK 0.9 em., cf. 
(18)). The arrows indicate the effluent ml. at which the rates of change of the com- 
position of the eluents were altered. For chromatography, aliquots of hydrolysates 
corresponding to 18, 16, 19, and 19 mg., respectively, of Fractions B from thymus, 
liver, kidney, and testis were employed. 


insulin (21), corticotropin (22), and ribonuclease (18). In the chromato- 
grams shown in Fig. 4, the composite peaks at 400 ml. and 590 ml. may 
include free lysine and free arginine, respectively. The relatively small 
size of the peaks at these positions, coupled with the large number of peaks 
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attributable to peptides, suggests that in the molecules composing histone 
Fractions B basic amino acids are, for the most part, not adjacent to one 
another. Although the compositions of the peptides responsible for the 
different peaks have not been determined, the similarities among the over- 
all patterns afforded by the four hydrolysates must reflect similarities in 
the way in which the amino acids are arranged in the original proteins, 
Although the over-all correspondence among the four curves is unmis- 
takable, variations of undetermined significance can be seen. For example, 
the third from the last peak given by the calf liver hydrolysate (at about 
1150 effluent ml.) is smaller relative to the adjacent peaks than is the case 
in the other hydrolysates. The general contour of the composite peak at 
450 to 500 effluent ml. is slightly different in the chromatogram obtained 
from the hydrolysate of the guinea pig testis histone. ‘This hydrolysate 
also yielded only a single peak at 590 effluent ml., whereas two peaks ap- 
peared on the curves obtained from the other hydrolysates. 


Comparison of Thymus Histones Prepared by Different Procedures 


Effect of Using More Rapid Methods of Isolation—In Fig. 5 are compared 
the results of chromatographic analyses of histone mixtures isolated by 
procedures requiring several days (Fig. 5, a, b, and c) with those obtained 
from histones prepared by direct barium acetate extraction of calf thymus 
nucleohistone (Fig. 5, d, e, and f). The three chromatograms on the left- 
hand side of Fig. 5 are taken from a series of thirteen replicate experiments 
in which ten preparations showed results similar to Fig. 5, a, but three 
revealed the unexpected variations illustrated in Fig. 5, b and c.7_ These 
variations prompted experiments in which the time of preparation of the 
histones was reduced, both by eliminating the long dialysis step and by 
extracting the nucleohistone for 1 to 2 hours instead of overnight. The 
reproducibility of the results thus obtained is shown in Fig. 5, d, e, and f. 
In six additional experiments, the results were almost identical to those 
illustrated. The most obvious difference between the results shown in the 
two parts of Fig. 5 is the greater proportion of Fraction B in the samples 
prepared rapidly without dialysis. It will also be noted that Fig. 5, b and 
c, shows the presence of material which passes through the columns rela- 
tively unretarded and the existence of two peaks in the A position. Fig. 


7 These variations in chromatographic behavior took place without the occurrence 
of any appreciable change in the total weight of dialyzed histone recovered per gm. 
of calf thymus, in the losses occurring during dialysis, in the ninhydrin color equiva- 
lent of the lyophilized products, or in the total color recovered upon chromatography 
(about 68 per cent). The ninhydrin color yielded by the preparations used for 
Fig. 5, b and c, was 0.825 and 0.906 uwmoles of leucine equivalents per mg., re- 
spectively. The values for six preparations of the type shown in Fig. 5, a varied 
from 0.789 to 0.842 and averaged 0.822 leucine equivalents per mg. 
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5, d, e, and f, on the other hand, reveals no fast moving material and shows 
a single sharp A peak. The recovery of ninhydrin color added to the 
columns shown in Fig. 5, d, e, and f, was about 75 per cent, which is higher 
than the figure of about 68 per cent obtained from the columns shown in 


Dialyzed Undialyzed 
(2M NaOAc-Et0OH extracts) (0.6 M Ba Et0li extracts) 


A B d 


© 
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gz 0.2 
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ool | 
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Effluent ml. 25 50 75 25 50 75 
pH 6.7 [0.1m (50 ml.) —+10™] pti 6.0 [0.1m (50 ml.) —+1.0M] 


Fic. 5. Chromatography of dialyzed and undialyzed histone mixtures from calf 
thymus. Each experiment corresponds to a preparation derived from an individual 
calf thymus gland (see the text). Samples of the dialyzed, lyophilized specimens 
weighing 6 mg. (the product from approximately 0.25 gm. of calf thymus) were dis- 
solved in 2 ml. of the initial buffer and added to the columns. In the case of the 
undialyzed mixtures, the samples (6 ml.) contained the product from 0.21 gm. of calf 
thymus. As shown, the dialyzed preparations were chromatographed at pH 6.7, 
while the undialyzed preparations were chromatographed with solutions at pH 6.0. 


Fig. 5, a, b, and c, and is similar to the yield (70 to 80 per cent) obtained 
when purified Fraction B is rechromatographed. 

The nature of the differences between the two types of preparation was 
further examined by isolating and analyzing Fractions A and B from the 
undialyzed histone mixtures. The results of the amino acid analyses are 
included in Tables II and III. Also given are the analyses of Fractions 
A, B, and PE that had been isolated by the direct extraction procedure in 
which chromatography is not employed (see the experimental section). 

When the data given in Tables II and III are compared with those from 
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II 
Composition of Histone Fractions A from Calf Thymus 


The parent nucleohistones were all prepared by 1 to 2 hours of extraction, and 
neither the original mixtures nor the isolated fractions were submitted to dialysis, 
except in the instance indicated where the effect of a final dialysis was checked. 
The results are based on analyses of 6 N HCl hydrolysates. Chromatography was 
performed by using columns of 8 per cent cross-linked sulfonated polystyrene resin 
with automatic recording equipment (17). All preparations of Fraction A were 
freed of Bat* by treatment with (NH,).SO, followed by lyophilization (see the ex- 
perimental section). In order to obtain histone Preparation 22d, the corresponding 
histone Preparation 22 was dialyzed as an additional step to remove the last traces 
of salt. 


N as per cent of recovered total N 
Histone Fractions A* Fractions PEt 
Amino acid Prepared by chromatography “ae eee 
From nucleohistone preparation No. 

223 22d§|! 22% 22d]! 25|| 
Aspartic acid...) 1.5 1.5); 1.5 1.4] 1.6 15; 1.6] 6.5); 7.1 
Glutamic “ ...| 2.4 2.5 | 2.4 2.3 | 2.6 2.4; 2.6) 6.9) 9.8 
Glycine......... 5.0 5.1} 5.0 4.9} 5.0 5.4] 5.3 
Alanine......... 19.2 20.1 | 19.3 19.3 | 18.4 18.4; 18.9) 6.1) 6.2 
3.6 3.7) 3.5 3.5 | 3.7 3.6} 3.4) 4.1! 3.6 
Leucine......... 3.1 | 3.2] 3.1 | 2.91 3.1 | 3.1] 3.2 | 5.1] 4.5 
Isoleucine....... 0.67 0.66 0.67; 0.70 0.69} 0.73) 2.6] 2.2 
Serime.......... 4.99 4.7} 4.99 4.8 | 4.79 4.4} 5.1] 5.3) 5.0 
Threonine....... 4.29 4.3) 4.59 4.3} 4.494 4.1} 4.38] 3.7] 3.2 

er 0 0 0 0 0 0 0 0 0 
Methionine..... 0 0 0 0 0 0 0 1.0; 1.2 
Proline. ........ 7.1; 6.9 6.8 | 7.3 7.0} 7.3] 5.1) 5.8 
Phenylalanine...| 0.39 0.35) 0.35 0.30} 0.32**; 0.37; 0.44, 1.9 | 2.2 
Tyrosine........ 0.379 | 0.34) 0.359} 0.31) 0.35**| 0.34; 0.40; 1.9; 1.8 
Histidine....... 0 0 0 0 0 0 0 3.9 | 4.0 
RN 5 ow ani wees 42.1 41.6 | 42.4 43.4 | 41.8 43.6 | 41.0 | 20.2 | 20.3 
Arginine........ 5.3 4.7; 5.2 5.0 5.9 5.6 | 5.5 | 20.2 | 17.6 


* The histone mixtures used for chromatography from Preparations 22 and 24 
were obtained by 0.6 m Ba(OAc)2-ethanol extraction. A 0.25 Nn HC1-0.1 m Ba(OAc): 
extraction was used to prepare the histone mixture from Preparation 25. 

t The protein content of Fractions PE is about 10 per cent (see footnote 4). 

t Figures based on analyses of 22 and 70 hour hydrolysates. 

§ After lyophilization, this fraction contained 15.4 per cent N and <0.02 per 
cent P and gave with ninhydrin a color equivalent to 1.45 wmoles of leucine per mg. 

|| Figures based on analyses of 22 hour hydrolysates. The 22 hour values for 
serine, threonine, and tyrosine have been corrected to include the average per cent 
losses (20, 8, and 8 per cent, respectively) estimated by extrapolation from the 22 
and 70 hour data obtained from the other fractions listed. 

§Extrapolated values (cf. (14)). 

** 70 hour values lost; based on 22 hour values. 
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TaBLeE III 
Composition of Histone Fractions B from Calf Thymus 


The preparation of the histones (by the more rapid procedure) and the perform- 
ance of the chromatographic analyses were carried out as indicated in Table II. 
Dialysis was included as an additional final step with Preparations 22d and 24d. 


N as per cent of recovered total N 
Prepared by chromatography* | 
Amino acid 
From nucleohistone preparation No. 

22t 22d§ 24t 24dti| | 2584 | 25§** | 21§ 25§ 27§ 
Aspartic acid. ..| 3.4 3.5 3.5 3.4 3.4; 3.5) 3.3) 3.4] 3.5 
Glutamic “ ...| 6.0 5.9 5.9 5.8 5.9} 5.7) 5.7; 5.8] 5.9 
Glycine......... 6.3 6.1 6.2 6.3 6.2; 6.5] 7.6 
7.8 7.5 7.9 6.2} 7.8) 7.9) 8.0 
4.7 4.5 4.7 4.6 4.6] 4.6) 4.1] 4.3 
5.8 5.8 5.8 5.9 6.1 56! 5.9] 6.6 
Isoleucine....... 3.3 3.4 3.5 3.4 3.41} 3.3] 3.41 3.38] 3.3 
3.577 | 3.4 3.8Tf | 3.9Tf| 3.4); 3.7 | 3.5 | 3.4 1.8 
Threonine....... 3.9Tf | 4.2 3.9tf | 3.9Tf| 4.0) 3.7) 4.1 4.1 3.3 
Cystinett....... 0.21 | 0.36) Trace | 0.14) 0.15 0.39) 0.16) 0.30) 0 
Methionine. .... 0.68 | 0.68| 0.67 | 0.66! 0.66) 0.63 0.67| 0.49 
2.7 3.7 2.6 2.6 2.6; 2.8; 2.5| 2.5] 2.2 
Tyrosine........ 1.9 1.9 2.1ff | 2.0 19; 2.0; 2.0; 1.90} 1.8 
Histidine... .. 4.4 4.5 4.8 4.8 4.6) 5.1 4.4) 4.3 | 4.5 
RON. oe cass 16.0 16.0 | 16.2 16.7 16.2 | 17.4 | 16.3 | 15.8 | 14.1 
Arginine........) 28.2 28.4 | 27.5 26.8 | 28.3 | 26.6 | 28.2 | 29.2 | 31.4 


*The histone mixtures used for chromatography from Preparations 22 and 24 
were obtained by 0.6 mM Ba(OAc):2-ethanol extraction. A 0.25 n HC1-0.1 m Ba(OAc), 
extraction was used to prepare the histone mixture from Preparation 25. 

+t Prepared by reextraction (see the text) with 1 m Ba(OAc)2-ethanol (Prepara- 
tion 21), 0.6 mM Ba(OAc).-ethanol (Preparation 25), and 63 per cent ethanol contain- 
ing 0.1 mM Ba(OAc). (Preparation 27). These conditions liberated 59, 44, and 18 per 
cent of the ninhydrin color of the original nucleohistone. 

t Figures based on analyses of 22 and 70 hour hydrolysates. 

§ Figures based on analysis of 22 hour hydrolysates. The 22 hour values for 
serine and threonine have been corrected to include the average per cent losses (20 
and 8 per cent, respectively) estimated by extrapolation from 22 and 70 hour data 
obtained from the other fractions listed. 

|| After lyophilization, this fraction contained 16.9 per cent N and 0.01 per cent 
P and gave with ninhydrin a color equivalent to 0.734 umole of leucine per mg. 
In the case of this dialyzed preparation, the N recovered as amino acids and NH; 
accounted for 95.2 per cent of the total N submitted to hydrolysis. 

{ Based on analysis of material from the front half of the chromatographic peak. 

** Based on analysis of material from the rear half of the chromatographic peak. 

extrapolated values (cf. (14)). 

tt The values for cystine are tentative, based on a small peak appearing at the 
position of meso-eystine, and have not been included in the total from which the 
percentages were calculated. 
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TaBLeE IV 


Composition of Total Calf Thymus Nucleohistone and Extracted Miztures 


Based on analyses of 6 N HCl hydrolysates performed as indicated in Tables I] 
and III. 


N as per cent of recovered total N 
| NaCl-ethanol extract 
Total nucleohistone 
Undialyzed 
Preparation No. 
24° 25tt 24°§ 

Aspartic acid........ 3.9 3.7 3.3 3.3 
I 5.8 5.9 5.5 5.7 
6.09 6.0¢ 6.1 5.8 
4.5 4.3 4.4 4.3 
5.6 5.5 5.6 5.4 
Isoleucine........... 3.0 3.0 3.1 3.0 
2.9°* 3.7 3.6** 4.1 
Threonine... . 3.8** 3.9 4.0** 4.0 
0.3 Trace Trace 0 

Methionine.......... 0.8 0.8 0.4tt 0.7 
een 3.5 3.5 3.3 3.5 
Phenylalanine....... 1.3 1.3 1.2 1.5 
ere 4.0 4.1 3.9 4.2 
19.3 18.7 19.4 20.5 
24.9 24.7 25.7 23.1 


* Figures based on analyses of 22 and 70 hour hydrolysates. 

+ Figures based on analysis of 22 hour hydrolysate. The 22 hour values for serine 
and threonine have been corrected to include the percentage decomposition (4 and 
10 per cent, respectively) estimated by extrapolation from the 22 and 70 hour data 
for Preparation 24. 

t This specimen of nucleohistone contained 0.91 mole of lysine + arginine + histi- 
dine per mole of phosphorus, a slightly lower proportion than exists in many nucleo- 
protamines (23). 

§ A 2m NaCl-ethanol extract that accounted for 83 per cent of the ninhydrin color 
and 79 per cent of the total amino acids contained in the original specimen of nucleo- 
histone. 

|| Based on data already reported (9) for a total histone mixture, corrected to N 
as per cent of recovered total N less NH;. This preparation was a dialyzed, ly- 
ophilized 2.6 m NaCl-ethanol extract which accounted for 75 per cent of the total 
biuret color of the original specimen of nucleohistone (12). 

{ In these two cases, it was necessary to assume values of 6.0 per cent, since the 
glycine produced by decomposition of adenine gave, after 70 hours of hydrolysis, 
values for glycine that were 20 per cent higher than the 22 hour figures. If the in- 
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TABLE 1V—Concluded 


crease in the concentration of glycine arising from the decomposition of the nucleic 
acid were a linear function of time, the value would be 10 per cent instead of the 
assumed value of 6.0 per cent. 

** }'xtrapolated values (cf. (14)). 

tt Based on the 22 hour value. For reasons unknown, the value at 70 hours was 
only half as great. 


the earlier analysis performed on samples prepared by the less rapid method 
(cf. (9), Table II), one striking difference is at once apparent. Fraction 
B isolated chromatographically by the more rapid procedure contains about 
28 per cent arginine N compared to about 21 per cent (corrected to N as 
per cent of recovered total N less NHs3) in the earlier preparations. This 
higher arginine value was not changed by dialysis of the histone after chro- 
matography (see Preparations 22d and 24d in Table III). The amino 
acid compositions of Fractions A, listed in Table II, also differ from those 
obtained previously. ‘The more rapid methods provide Fractions A which 
contain larger amounts of alanine and lysine than before and which are 
completely devoid of methionine and histidine. 

The chromatographic (Fig. 5) and analytical differences between histone 
samples prepared slowly and those prepared rapidly can be explained if it 
is assumed that Fraction B is decomposed, probably enzymatically, during 
the slower procedure. That calf thymus does contain enzymes capable of 
altering Fraction B was demonstrated by incubating a sample of the puri- 
fied fraction with a dilute thymus homogenate. After 1 hour at 35°, much 
of the added histone was no longer recovered as material eluted at the posi- 
tion of Fraction B. In its place there appeared a large amount of material 
which moved through the column unretarded. In earlier experiments (9), 
autolysis of an aqueous homogenate of thymus tissue also led to lower 
recoveries of Fractions A and B.8 

Enzymatic hydrolysis might well give rise to a variety of fragments that 
possess different chromatographic behavior. Some of the degradation 
products might be poorly held by IRC-50 and account for the fast moving 
peak seen in Fig. 5, bandc. It is significant that this material has been 
found to contain amounts of arginine and lysine similar to those shown for 
Fraction B in Table III. Other fragments may well chromatograph near 
Peak A and give rise to the irregularities observed in this range in Fig. 5, 
bande. These fragments could also contribute the traces of methionine 
and histidine found earlier in Fraction A and be responsible for the slightly 
lower content of alanine and lysine as well. <A third group of degradation 
products may be produced which are held tenaciously by the IRC-50 resin 
and may account for the uneluted arginine-rich fraction previously en- 


* In Crampton et al. (9), p. 794, line 3, read Fig. 2, a in place of Fig. 2, b. 
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countered. It has already been pointed out that the recovery from the 
chromatograms of rapidly prepared histones is higher than that observed 
previously. Furthermore, it is no longer necessary to invoke the presence 
of an arginine-rich fraction in order to account for the amino acid compo- 
sition of the total histone mixture. From the data in Tables IT, ITI, and 
IV it can be calculated that a mixture of 1 part of Fraction A with 9 parts 
of Fraction B by weight would have an amino acid composition very similar 
to that given in Table 1V for the undialyzed total histone mixture obtained 
by NaCl-ethanol extraction. Fraction B has a lower ninhydrin color yield 


0.40+ A a 
Histone soluble 
S = 0.20+ in 0.2M BaOAc 
Sa 
Of 
O 

B 
a Remaining histone, 
=. extractable 
Ad 

Effluent ml. 25 50 


pH 60 [0.1m (50 m1.) —>1.0M] 


Fic. 6. Chromatography of histone Fractions A (a) and B (6) prepared by direct 
extraction of calf thymus nucleohistone. The samples added to the columns con- 
tained the material from 0.3 gm. of calf thymus. Fractions A and B accounted for 
93 per cent and 62 per cent of the ninhydrin color of their respective extracts. 


than Fraction A and is recovered in poorer yield from the chromatogram. 
Hence, the presence of a 1:9 mixture in optimal salt-ethanol extracts of 
the nucleohistone is not incompatible with the chromatographic results 
shown in Fig. 5, d, e, and f. 

The amino acid analyses of acid hydrolysates of the original nucleohis- 
tone are included in Table IV for comparison with the composition of the 
mixture of histones obtained from the nucleohistone by NaCl-ethanol un- 
der conditions permitting the extraction of 83 per cent of the total nin- 
hydrin color. Aspartic and glutamic acids appear to occur in the complete 
nucleohistone in slightly larger amounts than could result from any mix- 
ture of histone Fractions A and B. This result indicates that in the nu- 
cleohistone there is a constituent which is richer in these two amino acids. 
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Fractions such as PE (Table I]) probably would be insoluble under the 
conditions of the NaCl-ethanol extraction and hence could account in part 
for the observed differences. 

Properties of Histone Fractions Isolated by Direct Extraction (without 
Chromatography)—Preparations of Fraction A that were isolated directly 
gave effluent curves such as the one shown in Fig. 6, a and possessed an 
amino acid composition (Table I1) almost identical with that of the Frac- 
tion A isolated chromatographically. The data indicate that this simple 
procedure results in products that contain slightly more arginine and a little 
less alanine than the Fraction A isolated chromatographically. This find- 
ing would be consistent with the presence of a trace of the protein of 
Fraction PE which may not be completely precipitated by the ethanol.° 
Lysine-rich histone fractions similar to Fraction A have previously been 
obtained by citric acid extraction and also by fractional precipitation 
by Davison and Butler (7) and Daly and Mirsky (8). 

Preparations of Fraction B isolated by a second extraction (treatment 
with Ba(OAc)>s-ethanol) after removal of Fractions A and PE with aqueous 
Ba(OAc)s, as described in the experimental section, gave the amino acid 
analyses listed in Table III] and chromatograms such as the one shown in 
Fig. 6, b. The analyses of Preparations 21 and 25 check almost exactly 
with those of the Fraction B isolated chromatographically. Extraction 
under suboptimal conditions (from nucleohistone Preparation 27 with 0.1 
M barium acetate in 63 per cent ethanol) afforded a sample which appeared 
to differ slightly in composition (last column, Table III) from the other 
fractions listed. 


Conclusions 


By all the criteria employed for comparison, namely, chromatographic 
behavior on IRC-50, amino acid composition, and chromatographic pat- 
terns of tryptic hydrolysates, histone Fractions A and B isolated from the 
various tissues, as described in the first section of this paper, appear to be 
remarkably similar. ‘These similarities could be misleading for, as has 
been pointed out, some of the individual components of the mixture have 
undergone alterations during isolation, and each fraction may comprise a 
mixture of proteins. It might be expected that the isolation procedure, 
which was about equally lengthy in each case, would produce similar altera- 
tions in the histones from each tissue, but this cannot be assumed with 


* When mixtures of Fractions A and PEI (aliquots taken before ethanol treatment 
of the 0.2 Mm barium acetate extracts) are chromatographed on IRC-50, the curves 
cannot be distinguished from the one shown in Fig. 5, a, but the recovery of ninhydrin 
color is lower by about 15 per cent. Hence, Fraction PE either does not emerge from 
the Ba IRC-50 columns or appears with Fraction A in very low yield. 
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assurance. ‘These findings emphasize the need for more information bear- 
ing on the question of whether histones are species-specific or organ-specific, 
This problem has been discussed recently by Stedman and Stedman (24) 
and by Cruft, Mauritzen, and Stedman (25). Clearly a final answer re- 
quires the isolation from different sources of individual histones that have 
been subjected to as little alteration as possible during preparation. 

The more rapid methods of preparation of histones, described in the 
second section of this paper, provide proteins which are less altered, but 
there is still a question whether the chromatographic procedure employed 
furnishes homogeneous products. For example, the amino acid analyses 
of the two portions of Fraction B isolated chromatographically (Prepara- 
tion 25, Table III) suggest the presence of more than one histone. The 
materials from the two halves of the peak appear to differ with respect to 
the values obtained for alanine, histidine, lysine, and arginine. The sam- 
ples from the two sides of the peak of Fraction B isolated from a dialyzed 
histone mixture did not differ significantly (cf. (9)). 

Consideration of the molecular weights of the histones presents further 
questions. If the Fraction A prepared chromatographically (Preparation 
22, Table 11) were homogeneous, it would have to possess a minimal molec- 
ular weight of about 20,600 in order to contain 1 residue of phenylalanine 
and 1 of tyrosine per molecule. Similarly, a single protein having the com- 
position of Fraction B (Preparation 24, Table II) would require a minimal 
molecular weight of 19,700 in order to contain 3 residues of phenylalanine 
per 2 residues of methionine. Luck and associates (26)!° have recently 
found, however, that the molecular weights of various histone preparations 
in urea or guanidinium chloride solutions appear to be 10,000 or less when 
measured in the ultracentrifuge. Preliminary experiments of Trautman 
and Crampton (27) have led to similar conclusions. It would seem pru- 
dent, therefore, to leave open for the present the question as to the extent 
of the heterogeneity of histone Fractions A and B. 

It should also be emphasized, in this connection, that there is no proof 
at present that completely unaltered histones are obtained by the more 
rapid isolation procedures described in this communication. Because his- 
tones contain negligible amounts of cystine, the peptide chains of these 
proteins cannot be held in a folded configuration by dithio cross-links, and 
viscosimetric data (unpublished experiments with Dr. Rodes Trautman) 
indicate that histones probably possess an open, unfolded structure. This 
could explain why the peptide linkages in these proteins are readily accessi- 
ble to enzymatic attack. Butler and associates (4) have reported that the 
electrophoretic patterns yielded by calf thymus histone mixtures are im- 


10 We would like to express our gratitude to Dr. J. M. Luck for communicating 
these results to us prior to their publication. 
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proved if conditions which inhibit cathepsins are used during the prepara- 
tion of the samples. 

The method for chromatographing histones which has been used in the 
present study, although capable of separating Fraction B from Fraction 
A, still does not possess adequate resolving power. For example, Fractions 
B from dialyzed and undialyzed mixtures contain very different propor- 
tions of arginine, yet cannot be separated by this method. Some of the 
theoretical limitations of the Ba IRC-50 procedure are discussed elsewhere 
(cf. (28)). There is clearly a need for better techniques for fractionating 
mixtures of basic proteins such as histones. 


The authors are greatly indebted to Miss Joyce F. Scheer and to Miss 
Kerstin Johansson for technical assistance and to Mr. S. Theodore Bella 
who performed the microanalyses reported in this paper. 


SUMMARY 


Preparations of histone mixtures from different tissues have been exam- 
ined by chromatography on IRC-50. Calf thymus, liver, and kidney yield 
histone fractions that are closely similar in terms of chromatographic be- 
havior, amino acid composition, and the elution curves obtained when 
tryptic hydrolysates are chromatographed. Histone Fractions A and B 
prepared from guinea pig testis by similar procedures show barely detecta- 
ble differences from the calf proteins. 

In the course of these experiments, it has been demonstrated that his- 
tones can be readily altered during isolation. Enzymatic cleavage appears 
to be the primary cause of such changes. More rapid procedures have been 
developed which eliminate dialysis and permit the isolation of more nearly 
native histones either by chromatography or, directly, by fractional ex- 
traction. Histone Fraction B isolated by the more rapid procedures con- 
tains about 28 per cent arginine nitrogen compared to about 21 per cent 
in the earlier preparations. There is no evidence for a histone fraction of 
higher arginine content than the Fraction B isolated by the more rapid 
methods. 

Questions concerning the molecular weights and the homogeneity of the 
histone fractions are discussed. 
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Thymine is of considerable biological interest because of its occurrence 
in the deoxyribonucleic acid (DNA) of chromosomal material. Its im- 
portance in cell reproduction is emphasized by the demonstration that 
certain bacteria made specifically deficient in thymine irreversibly lose 
the power to multiply (1). Knowledge of thymine biosynthesis should 
permit the design of suitable antimetabolites of thymine or its derivatives 
capable of controlling DNA synthesis. Such compounds may prove use- 
ful in virus and cancer chemotherapy. 

Hydroxymethyleytosine is the only unique viral constituent thus far 
discovered (2). Since this compound and its structural relations have 
been suggested as a key to bacterial virus parasitism in the T even group 
of bacteriophages (3), knowledge of its biosynthesis as a result of virus in- 
fection is desirable. 

Cohen and Weed (4) have shown that the pyrimidine ring of bacterio- 
phage hydroxymethylcytosine can be derived from the cytosine of the host 
DNA. In addition, the 6-carbon of serine can serve as a precursor of the 
hydroxymethyl group of hydroxymethylcytosine and the methyl] group of 
thymine (4). This report presents additional experiments with use of 
C-labeled compounds to test possible biosynthetic precursors of thymine 
and hydroxymethylceytosine. The biosynthesis of thymine was examined 
in strains of Escherichia coli requiring uracil or methionine. The forma- 
tion of virus thymine and hydroxymethylcytosine was studied in Té6rt 
bacterial virus produced by infection of the methionine-requiring strain. 


EXPERIMENTAL 


Bacteria and Bacterial Virus—The properties of the uracil-requiring 
strain, FE. coli W,-, have been described (3). A methionine-requiring mu- 
tant, 2’. coli Bys, was provided by Dr. Joseph Gots of the University of 
Pennsylvania. This strain requires methionine or vitamin By: for growth. 


* This research was aided by a grant from the Commonwealth Fund. 
t Fellow of The National Foundation for Infantile Paralysis, Inc. 
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When grown in mineral media (5) with 1 mg. of glucose per ml., 6 ¥ of 
pL-methionine per ml. gave optimal growth. In the absence of methio- 
nine, no growth was obtained and viable cell count remained constant for 
at least 6 hours. S-Hydroxymethyl-p.t-homocysteine neither replaced 
nor exerted any sparing action on the growth requirement for methionine. 

Stock preparations of T6r+ bacterial virus were made as previously de- 
scribed (5). 

Materials—Uniformly labeled glucose-C'4* was obtained from the Nu- 
clear Instrument and Chemical Corporation, Chicago, Illinois. p1L-Methi- 
onine-methyl-C'* and a compound purported to be S-hydroxymethyl-C"- 
pL-homocysteine were kindly provided by Dr. J. Stekol of The Institute 
for Cancer Research in Philadelphia. This compound was prepared by 
the reaction of formaldehyde with homocysteine, and some of its meta- 
bolic properties have been described (6). 

Procedures—As a general procedure in following the fate of radioactive 
intermediates in bacteria, 1 liter of medium containing the radioactive 
substance was inoculated with 10!° bacteria and aerated at 37° under con- 
ditions of maximal exponential growth until 10 bacteria were formed as 
determined by viable count. 99 per cent of the bacteria was thus produced 
in the labeled medium. After chilling in an ice bath and adding 100 ml. 
of 50 per cent trichloroacetic acid, the precipitated bacterial cells were 
separated by centrifugation. Bacterial ribonucleic acid (RNA) and DNA 
were isolated from the acid-insoluble lipide-free fraction and separated by 
a combination of the Schmidt-Thannhauser (7) and Schneider (8) pro- 
cedures. Bacterial DNA was hydrolyzed to the free bases by heating in 
70 per cent perchloric acid for 1 hour at 100° (9), while RNA nucleotides 
were further purified as the silver salts (10) before a similar hydrolysis to 
the free bases. 

T6r+ bacteriophage produced by multiple infection of bacteria in 1 liter 
of labeled medium was isolated and purified by two cycles of differential 
centrifugation (5). DNA was extracted from about 5 X 10" virus parti- 
cles by the Schneider procedure (8). Virus DNA was hydrolyzed to the 
free bases in 6 N HCI (11). 

The free pyrimidine and purine bases obtained from bacterial and viral 
nucleic acids were separated on large sheets of ethanol-washed Whatman 
No. 1 filter paper in isopropanol-hydrochloric acid (12). Each base was 
further purified by paper chromatography in both isopropanol-hydrochlo- 
ric acid and in butanol-5 per cent NH,OH (12). Whenever warranted, 
additional purification was achieved by paper electrophoresis as described 
in Table I. The bases were characterized by chromatographic properties 
and by ultraviolet spectrophotometry. 

The radioactivities of the free bases were determined in a gas flow coun- 
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ter. Aqueous samples were plated on stainless steel planchets to give less 
than 100 y of compound per sq. cm. No correction for self-absorption 
was necessary. ‘The statistical counting error was less than 5 per cent. 

The incorporation of labeled methionine from the medium into bacterial 
and viral protein was determined. The protein fraction remaining after 
the extraction of DNA with trichloroacetic acid was hydrolyzed in 6 nN HCl 
in sealed tubes at 110° for 8 hours, and the amino acids were separated by 
two-dimensional paper chromatography (13). After the paper was lightly 
sprayed with 0.1 per cent ninhydrin in ethanol-glacial acetic acid (3:1) 
and heated at 60° for 10 minutes to develop the color, the methionine spot 
was eluted with water at 60°. The eluted compound was analyzed for 
methionine by the ninhydrin method (14) and the specific activity deter- 
mined by direct plating and counting. Prior to ninhydrin analysis of 
methionine eluted from papers, the aliquots for analysis were treated with 
0.2 ml. of 1 N NaOH, concentrated to dryness at 60° under a stream of air, 
and placed overnight in a vacuum desiccator containing concentrated sul- 
furic acid. This procedure was necessary to remove ammonia or some 
other volatile amine, presumably present in the paper, which gave a high 
ninhydrin color. The aliquot for analysis was then dissolved in water, 0.2 
ml. of 1 N HCl] was added to neutralize the NaOH exactly, and the solu- 
tion was analyzed for methionine. Control experiments with radioactive 
methionine gave quantitative recovery as estimated by ninhydrin and 
radioactivity analyses. 


Results 


Biosynthesis of DNA and RNA Purine and Pyrimidine Bases of I). coli 
W.- Grown on Uniformly Labeled Glucose-C'4 and Unlabeled Uracil—This 
experiment was designed to assess the role of uracil in the formation of the 
nucleic acid bases, thymine and cytosine. Since this organism requires 
exogenously supplied uracil for growth, nucleic acid uracil and any nucleic 
acid moieties formed from uracil would be expected to be unlabeled, while 
all other bacterial cell components would be synthesized from the radio- 
active glucose supplied in the medium and therefore would have the same 
specific activity as the glucose. 

Bacteria were grown in mineral medium containing | mg. of glucose-C' 
and 20 y of uracil per ml. The radioactivities of the nucleic acid bases 
isolated from the bacterial cells are presented in Table I. Uracil was un- 
labeled, thus confirming the inability of this strain to synthesize any uracil. 
Since both the RNA and DNA purine bases, adenine and guanine, had 
about the same radioactivity as the glucose substrate, no significant con- 
version of uracil to purine bases occurred. Since cytosine of neither RNA 
nor DNA was radioactive, an amination of uracil or a derivative to cytosine 


of 
O- 
or 
ad 
e, 
4_ 
e 


390 PYRIMIDINE BIOSYNTHESIS. I 


appears to be the sole metabolic route for cytosine formation in this or- 
ganism. ‘lhymine had almost exactly one-fifth the radioactivity of the 
glucose, indicating that only 1 of its carbon atoms came from radioactive 
glucose. Chemical degradation of thymine showed that over 80 per cent 
of the radioactivity resided in the methyl group, thus suggesting the addi- 


TABLE 


Specific Activities of Nucleic Acid Bases of E. coli W.- Grown on 
Uniformly Labeled Glucose-C'4 and Unlabeled Uracil 


Compound Plated Activity 
pmoles c.p.m. per umole C 

Glucose (growth medium) 280 
RNA bases 

Adenine 0.371 265 

Guanine 0.937 270 

Cytosine 1.35 0* 

Uracil 1.09 OT 
DNA bases 

Adenine 0.300 260 

Guanine 0.340 225 

Cytosine 1.55 

Thymine 0.940 (= 275 c.p.m. per umole base) 

Methyl carbon§ 0.44 230 + 40 


* After further purification by paper electrophoresis in 0.02 m citrate buffer at 
pH 3.5 for 90 minutes at 300 volts. 

+ After further purification by paper electrophoresis in 0.01 N NaOH for 6 hours 
at 300 volts and in 0.02 Mm citrate buffer at pH 3.5 for 90 minutes at 300 volts. 

t Radioactivity not changed by paper electrophoresis in 0.01 N NaOH for 4 hours 
at 300 volts. 

§ Thymine methyl] carbon was converted to iodoform as described by Elwyn and 
Sprinson (19). 10 mg. of carrier thymine were added to 1 umole of isolated thymine 
prior to degradation. Radioactivity was calculated by application of a self-absorp- 
tion curve determined with radioactive glucose plus iodoform. Precision of cor- 
rected radioactivity was estimated at +15 per cent due to quenching action of iodo- 
form on the counting rate. 


tion of a 1-carbon fragment to uracil or a uracil derivative in the synthesis 
of thymine. 

Biosynthesis of DNA Bases of EF. coli W.- Grown in pvui-Methionine- 
Methyl-C“ and Unlabeled Glucose and Uracil—The previous experiment 
demonstrated that uracil is converted to DNA thymine in this organism. 
The methyl group arose from the radioactive glucose in the media. The 
object of this experiment was to test the methyl group of methionine as a 
precursor of the methyl group of thymine. Bacteria were grown in mineral 
media containing 1 mg. of glucose, 20 y of uracil, and 10 y of pt-methionine- 
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methyl-C™ per ml. ‘The activities of the isolated and purified DNA bases 
are presented in Table II. No significant incorporation of the methyl 
group of methionine into the purine bases, adenine and guanine, or into the 
pyrimidine bases, cytosine and thymine, occurred. Isolation of methio- 
nine from the bacterial protein revealed that 60 per cent of the methionine 
in the protein came from the methionine in the medium. 

Biosynthesis of DNA Bases of E. coli Byss Grown on vi-Methionine- 
Methyl-C"* and Unlabeled Glucose—This strain of E. coli was chosen for 
further work for several reasons. It was of interest to evaluate the role 
of the methyl group of methionine in the biosynthesis of thymine and hy- 
droxymethylcytosine. The use of a methionine-requiring strain would 
insure a Maximal incorporation of exogenously supplied methionine and 


TABLE II 


Specific Activities of DNA Bases of E. coli W.- Grown on Glucose, 
Uracil, and pu-Methionine-Methyl-C™ 


Compound Plated Activity 
umoles smoie compound 

pL-Methionine (growth medium) 6300 
“ (isolated from bacterial protein) 3500 

DNA bases 
Adenine 1.1 1 
Guanine 0.78 1 
Cytosine 1.08 2 
Thymine 1.02 3 


an obligatory incorporation of radioactive methionine into those metabo- 


lites derived therefrom. In addition, this strain, in contrast to FE. coli 


W.- (3), was shown to be capable of supporting reproduction of T6rt bac- 
terial virus, thus permitting a study of the incorporation of labeled inter- 
mediates into virus DNA. 

Bacteria were grown in mineral medium containing 1 mg. of glucose and 
10 y of pL-methionine-methyl-C" per ml. The radioactivities of the DNA 
bases are shown in Table III. There was no significant contribution of the 
methyl group of methionine to any of the DNA bases. No counts were 
detected in thymine. The radioactivity assay is sensitive enough to 
detect 0.02 per cent incorporation. There was no dilution of the radioac- 
tivity of the methionine molecule in going from the medium to the bacte- 
rial protein. This fact eliminated the possibility of a synthesis of methi- 
onine de novo providing the methyl group of thymine. 

Biosynthesis of Virus DNA Bases during Infection of E. coli Ba with 
Tér+ Bacterial Virus in Presence of pu-Methionine-M ethyl-C'*—The pre- 
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vious experiment demonstrated that the methyl group of methionine did 
not contribute to the biosynthesis of the DNA bases of E. coli Bas. It 
was of interest to discover whether virus infection would alter this meta- 
bolic picture. 

It was shown by following the synthesis of DNA and the yield of virus 
(15) that T6r+ would multiply in EZ. coli Bas and that exogenous methio- 
nine was essential for such multiplication. In cells previously grown on 
methionine, neither vitamin Bz nor hydroxymethylhomocysteine could 
replace methionine for virus multiplication. 

E. coli Bas was grown up to 5 X 108 cells per ml. in 1 liter of mineral 
medium containing 5.5 mg. of glucose and 34 y of unlabeled pi-methionine 
per ml. After the addition of 50 y of pL-tryptophan per ml. as an adsorp- 
tion cofactor and 2.6 mg. of pL-methionine-methyl-C, the culture was 


TaBLeE III 


Specific Activities of DNA Bases of E. coli By Grown on Glucose 
and pu-Methionine-Methyl-C' 


Compound Plated Activity 
umoles 
pL-Methionine (growth medium) 6100 
- (isolated from bacterial protein) 6300 
DNA bases 

Adenine 1.1 2 
Guanine 1.6 3 
Cytosine 1.0 1 
Thymine 1.6 0 


infected with a 5-fold multiplicity of T6r+ virus. Lysis occurred at 3 
hours and the virus was harvested at 614 hours. 

The radioactivities of the viral bases are presented in Table IV. No 
demonstrable incorporation of the methyl group of methionine in any of 
the virus bases occurred. The methionine-methy] group therefore cannot 
serve as a precursor of the methyl group of thymine or of the hydroxy- 
methyl group of hydroxymethylcytosine in virus DNA. The methionine 
isolated from the viral protein had about the same specific radioactivity 
as the methionine of the medium. Thus, neither the growing bacterium 
nor the virus-infected cell synthesized methionine. 

Biosynthesis of Virus DNA Bases during Infection of E. coli Bus by T6rt 
Bacterial Virus in Presence of S-Hydroxymethyl-C'4-pL-homocysteine—Hy- 
droxymethylhomocysteine has been suggested as a possible intermediate 
in the biosynthesis of methionine from homocysteine (16). It was there- 
fore of interest to test the hydroxymethyl group of this compound as a 
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possible precursor of hydroxymethylcytosine and thymine of bacterio- 
phage DNA. 

Hydroxymethylhomocysteine did not support the growth of strain Bgs 
when substituted for methionine in the medium, nor was virus infection 
possible under these conditions. Since the metabolic lesion in this organ- 
ism may possibly be at the level of conversion of hydroxymethylhomocys- 


TABLE IV 


Specific Activities of Virus DNA Bases Synthesized during Infection of E. coli Bas by 
T6rt in Media Containing pu-Methionine-Methyl-C' 


Compound Plated Activity 
wmoles umole compound 

pL-Methionine (infection medium) 4300 
ais (isolated from viral protein) 4700 

Virus DNA bases 
Adenine 3.4 0 
Guanine 1.6 0 
Hydroxymethylcytosine 1.7 0 
Thymine 3.0 0 

TABLE V 


Specific Activities of Virus DNA Bases Synthesized during Infection of E. coli By; by 
T6r* in Media Containing S-Hydroxymethyl-C4-pL-Homocysteine 


Compound Plated Activity 
umoles compound 
S-Hydroxymethyl-pL-homocysteine (infection medium) 9450 
Virus DNA bases 
Adenine | 2.4 50 
Guanine 0.93 30 
Hydroxymethyleytosine 0.8 0 
Thymine 2.8 1 


teine to methionine, the growth of a methionine-requiring strain, which 
was capable of growth on homocysteine, was tested on hydroxymethyl- 
homocysteine. <A very slow but significant growth was obtained, thus not 
ruling out a possible role for this compound in methionine biosynthesis. 
To test hydroxymethylhomocysteine as a possible precursor of bacterial 
virus thymine and hydroxymethylcytosine, infection with the virus and 
isolation of the product were carried out as described in the previous experi- 
ment with the exception that 10 y of S-hydroxymethyl-C'-pL-homocysteine 
per ml. were added instead of radioactive methionine prior to infection. 
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The radioactivities of the virus DNA bases are presented in Table V. No 
radioactivity was found in hydroxymethylcytosine or thymine. However, 
a small incorporation of 0.3 and 0.5 per cent into guanine and adenine oc- 
curred. This may be due to a partial metabolic breakdown of the hy- 
droxymethy] group to yield the 1-carbon fragment which is incorporated 
into positions 2 and 8 of the purines. 


DISCUSSION 


The tracer experiments with the uracil-requiring strain, E. coli W,., 
have demonstrated that both RNA and DNA cytosine as well as RNA 
uracil are formed exclusively from uracil in the medium. In addition, ur- 
acil is converted to DNA thymine in this organism. Moore and Boylen 
(17) have also recently shown that uracil is capable of serving as a precur- 
sor of all the pyrimidines of RNA and possibly of DNA ina pyrimidine-re- 
quiring strain of E. colt. 

The methyl] group of methionine was not utilized for thymine biosynthe- 
sis in the uracil- and methionine-requiring strains of E. coli, nor was it in- 
corporated into bacterial virus thymine or hydroxymethylcytosine. In 
addition, since there was no incorporation into bacterial or viral purines, 
there is no appreciable conversion of the methyl group of methionine to 
formate or CO, in these organisms. In contrast, the 1-carbon fragment 
derived from the methyl] group of methionine is incorporated to a slight ex- 
tent into thymine and purines of rat DNA (18). 

The immediate precursor of the methyl group of thymine, the intermedi- 
ates involved in the conversion of uracil to thymine, and the mechanisms 
involved are not known. Studies in vivo (4, 19) have shown that the methyl 
group of thymine can originate from sources of l-carbon units such as 
serine. No experiments with isolated enzyme systems have been per- 
formed. The tracer data with radioactive methionine presented in this 
paper indicate that transmethylation from methionine to a thymine pre- 
cursor does not occur. From the organic chemical standpoint and by 
analogy with known biological transmethylation reactions which occur 
only on nitrogen and sulfur atoms, it seems unlikely that thymine, or a 
thymine derivative, would be formed by direct methylation of a uracil 
derivative. The 1l-carbon precursor of the methyl group of thymine is 
probably at the oxidation level of a hydroxymethyl group. However, 
there is no known biochemical analogy for the removal of an oxygen atom 
from a hydroxymethyl] group on an unsaturated pyrimidine ring in the 
course of its conversion to a methyl group. Therefore, we are postulating 
5 ,6-dihydro-5-hydroxymethylpyrimidines or their derivatives, e.g. nucleo- 
tides or nucleosides, as intermediates in the biosynthesis of thymine. Of 
interest in this connection is the recent isolation of dihydrocytidylic acid 
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from liver (20). A dihydrohydroxymethylpyrimidine would be converted 
to a thymine derivative via dehydration to a 5-methylene compound fol- 
lowed by either the addition and removal of a water molecule or by the 
rearrangement of hydrogen atoms. We are currently testing for these re- 
actions in a number of ways and have prepared a large number of dihy- 
drohydroxypyrimidine derivatives. In support of this hypothesis, it has 
been found that 5-hydroxymethyluracil and its nucleoside are converted 
under conditions of catalytic hydrogenation to thymine and thymidine, 
respectively. These reactions presumably occur via dihydrohydroxy- 
methyluracil derivatives. 


SUMMARY 


The biosynthesis of bacterial and bacteriophage pyrimidines was studied 
in pyrimidine- and methionine-requiring mutants of Escherichia coli by 
using C'*-labeled glucose, methionine, and S-hydroxymethyl-pL-homo- 


‘cysteine as possible precursors. In the uracil-requiring strain, it was found 


that ribonucleic acid (RNA) and deoxyribonucleic acid cytosine as well 
as RNA uracil were formed exclusively from uracil supplied in the medium. 
The thymine pyrimidine ring was formed from uracil in the medium, while 
the methyl group originated from glucose. The methyl group of methi- 
onine did not serve as a precursor of the methyl group of thymine, nor was 
it incorporated into the purines in either the uracil- or the methionine- 
requiring strain. In addition, the methyl group of methionine and the 
hydroxymethy! group of S-hydroxymethylhomocysteine were not utilized 
for the biosynthesis of thymine and hydroxymethylcytosine of T6r+ bac- 
terial virus. The possible significance of these findings has been discussed. 


We acknowledge the capable technical assistance of Mr. B. Kabacoff in 
several of these experiments. 
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In Paper I (1), it was shown that, in Escherichia coli, exogenous uracil 
can be converted to nucleic acid thymine and that the methyl group of 
methionine does not serve as a precursor of either bacterial thymine or 
bacteriophage thymine and hydroxymethylcytosine. Considerations as to 
the nature of the l-carbon precursor of the thymine methyl] group and of 
possible biosynthetic mechanisms have led us to propose dihydrohydroxy- 
methylpyrimidine derivatives as possible intermediates in the biosynthe- 
sis of thymine (1). To test this hypothesis further, we have investigated 
the synthesis of dihydropyrimidine derivatives. This paper describes the 
synthesis of dihydrouracil and dihydrothymine nucleosides and some of 
their chemical and metabolic properties. 


EXPERIMENTAL 


Substances—Pyrimidines and nucleosides were obtained from the Cali- 
fornia Foundation for Biochemical Research. Hypoxanthine deoxyribo- 
side was kindly provided by Dr. L. A. Manson. The rhodium catalyst, 
which consisted of 5 per cent rhodium on alumina, was obtained from Baker 
and Company, Inc., Newark, New Jersey. 

Analytical Methods and Enzyme Assays—Ribose was determined by the 
orcinol method (2) and deoxyribose by the diphenylamine method (3). 
Reducing sugar was analyzed by the methods of Nelson (4) and Park and 
Johnson (5). Protein was measured by the method of Lowry et al. (6), 
human serum albumin being employed as a standard. The extent of en- 
zymatic arsenolysis of pyrimidine nucleosides was determined as described 
by Wang and Lampen (7). Enzymatic phosphorolysis of pyrimidine 
nucleosides was followed spectrophotometrically (8). Spectrophotomet- 
ric measurements were made with a Beckman DU spectrophotometer and 
the Process and Instrument recording spectrophotometer. The alkaline 
decomposition of dihydropyrimidine derivatives was followed with the 
latter instrument. 


* This research was aided by a grant from the Commonwealth Fund. 
t Fellow of The National Foundation for Infantile Paralysis, Inc. 
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Enzymatic Properties of Cell-Free Extracts—The enzymatic preparation 
used in these studies consisted of a cell-free extract of the uracil- or cyto- 
sine-requiring strain, E. coli W.- (1). Bacteria were grown in 1 liter 
batches in mineral medium (9) containing 1 mg. of glucose plus 10 y of 
uracil per ml. with vigorous aeration at 37°, and harvested by centrifuga- 
tion just before completion of exponential growth. The moist bacterial 
pellets were washed with mineral medium, ground with 3 times the weight 
of alumina for 5 minutes, and extracted with 10 volumes of either 0.02 » 
glycylglycine buffer, pH 8.0, or water. These preparations were tested 
for several enzymes involved in nucleic acid metabolism. Uridine, deoxy- 
uridine, and thymidine were very rapidly cleaved to the extent of 60 to 
80 per cent in 0.04 m phosphate, pH 7.7 (for example, see Fig. 3). Arseno- 
lytic cleavage of these nucleosides occurred to an even greater extent, indi- 
cating that the cleavage in the presence of phosphate was probably phos- 
phorolytic. | 

Enzymatic exchange reactions between hypoxanthine deoxyriboside and 
uracil to form deoxyuridine did not occur to any significant extent in glycyl- 
glycine (pH 8.0) and phosphate buffers (pH 7.7) containing 3 to 4 mg. of 
extract protein and 1 ywmole of each substrate per ml. of test solution. 
Similarly, thymidine was not formed from thymine and hypoxanthine de- 
oxyriboside in phosphate buffer. The extent of these reactions was de- 
termined spectrophotometrically by following the disappearance of uracil 
and thymine (8). 

Enzymatic exchange reactions between thymidine and uracil to form 
deoxyuridine were demonstrated in 0.04 mM phosphate buffer, pH 7.7, by 
paper chromatography of the reaction mixture and spectrophotometric 
analysis of the eluted compounds. In addition, exchange was readily 
demonstrated between uracil-C™ and deoxyuridine in tris(hydroxymethy])- 
aminomethane and phosphate buffers at pH 7.6 and 7.7. Thus, 1.33 
umoles of uracil-C™ (1 uwe.), 4.0 umoles of deoxyuridine, 40 umoles of tris- 
(hydroxymethyl)aminomethane buffer, pH 7.6, and 0.1 ml. of undialyzed 
enzyme extract (1.0 mg. of protein) in a total volume of 2.0 ml. were incu- 
bated at 37° for 1 hour. The supernatant solution, after being heated in 
a boiling water bath for 3 minutes and centrifuged, was chromatographed 
ona 19 X 56cm. strip of Whatman No. 1 paper in ethyl acetate-phosphate 
buffer solvent (10) for 18 hours (the solvent was permitted to run over the 
edge) by the descending method. 2.45 umoles of deoxyuridine and 2.51 
umoles of uracil were eluted from areas 4.5 to 8.5 and 10.0 to 14.0 cm., re- 
spectively, and contained 53 and 47 per cent of the radioactivity, respec- 
tively. 

Hydrogenation of Pyrimidines and Pyrimidine Nucleosides—Hydrogena- 
tion was carried out in water at room temperature and atmospheric pres- 
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sure by employing the rhodium catalyst reported by Cohn and Doherty 
(11). A semimicrohydrogenation apparatus was employed, equipped 
with a 50 ml. burette and a 100 ml. flask. The contents of the flask were 
magnetically stirred. 

The hydrogenation of uracil, thymine, uridine, deoxyuridine, and thymi- 
dine is presented in Fig. 1. Hydrogenation stopped abruptly when 1.00 


08) 
eo URACIL 
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Fig. 1. Catalytic hydrogenation of pyrimidines and nucleosides. The following 
conditions were employed: 100 mg. of uracil plus 100 mg. of rhodium catalyst in 40 
ml. of water, 100 mg. of thymine plus 100 mg. of rhodium in 40 ml. of water, 50 mg. 
of thymidine plus 35 mg. of rhodium catalyst in 20 ml. of water; 50 mg. of deoxy- 
uridine plus 35 mg. of rhodium catalyst in 20 ml. of water, and 75 mg. of uridine plus 
35 mg. of rhodium catalyst in 20 ml. of water. All reactions were carried out at room 
temperature (23-27°). 


to 1.04 moles of hydrogen were taken up per mole of substrate. Less than 
0.2 per cent of the original ultraviolet absorption remained in the reaction 
mixture. Crystalline products were obtained in all but one instance, the 
hydrogenation of uridine, which led to the isolation of an amorphous di- 
hydrouridine. The products were characterized and shown to be the 
5,6-dihydro derivatives by comparison of the liberated hydrogenated base 
with a dihydro base synthesized by a condensation reaction. 

Preparation of Dihydrouracil—100 mg. of uracil in 40 ml. of water were 
hydrogenated at 27° with 100 mg. of rhodium catalyst. When hydrogen 
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uptake had ceased, the catalyst was filtered, and the filtrate was concen- 
trated to dryness. The solid was recrystallized from aqueous ethanol, 
Yield, 72 mg., 72 per cent of theory; m.p.,! 274-276°. After further re- 
crystallization from ethanol, the melting point was 275-277°. The melt- 
ing point of authentic 5,6-dihydrouracil? was 274-276° (12); mixed m.p., 
275-277°. 


C,H,.O.N2 (114). Calculated. C 42.1, H 5.30, N 24.5 
Found.’ ** 42.8, 5.27, 24.0 


Preparation of Dihydrothymine—200 mg. of thymine were hydrogenated 
and treated in a similar manner to yield 178 mg. of dihydrothymine after 
recrystallization from ethanol; yield, 90 per cent of theory. Melting points 
of this product, authentic dihydrothymine,‘ and a mixture of the two com- 
pounds were the same, 254—255°. Fischer and Roeder (12) have reported 
264-265°. 

CsHs02N2 (128). Calculated. C 46.9, H 6.27, N 21.8 
Found. ** 47.2, ** 6.00, ‘* 21.8 


Preparation of Dihydrothymidine—200 mg. of thymidine were hydro- 
genated in 40 ml. of water with 70 mg. of catalyst at 24°. Hydrogenation 
was complete in 60 minutes. The catalyst was removed and the filtrate 
concentrated in vacuo at 30° to dryness. The product was reprecipitated 
from hot ethanol by chilling to yield 174 mg. of white solid, 86 per cent of 
theory. The melting point was 152—153° (with decomposition) and varied 
with the rate of heating. White spontaneously birefringent platelets were 
obtained upon recrystallization from butanol. 


Cio0Hi6OsNz2 (244). Calculated. C 49.2, H 6.60, N 11.5 
Found. ** 49.6, 6.77, 11.3 


Preparation of Dihydrodeoxyuridine—65 mg. of deoxyuridine were hy- 
drogenated in 10 ml. of water with 40 mg. of rhodium catalyst. The re- 
action was complete in 25 minutes. The catalyst was removed by filtra- 
tion, and the filtrate was concentrated in vacuo at 30° to dryness. After 
recrystallization of the product from alcohol ether, 47 mg. of white spon- 


1 Melting points were determined by the capillary tube method and are uncor- 
rected. 

2 Dihydrouracil was kindly provided by Dr. Charles Miller of Sharp and Dohme, 
Division of Merck and Company, Inc., and was prepared by cyclization of ureido- 
propionic acid. 

3 The analyses were kindly performed by the Microanalytical Laboratory of The 
Upjohn Company, Kalamazoo, Michigan. 

4 Prepared by the California Foundation for Biochemical Research by condensa- 
tion of methyl methacrylate and urea. 
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taneously birefringent needles were obtained; yield, 73 per cent of theory; 
m.p., 136-138°. 


CoHi.OsN2 (230). Calculated. C 46.9, H 6.13, N 12.2 
Found. 46.7, 5.78, 11.8 


Preparation of Dihydrouridine—250 mg. of uridine were hydrogenated in 
40 ml. of water with 90 mg. of rhodium catalyst. Hydrogenation was 
complete in 55 minutes. After removal of the catalyst, the filtrate was 
concentrated in vacuo at 30° to dryness. The syrupy product was dis- 
solved in absolute ethanol and again concentrated. This was repeated 
several times to remove the last traces of water. A white hygroscopic 
solid was obtained by precipitation of a solution in absolute alcohol with 
ether; yield, 226 mg., 90 per cent of theory. Dihydrouridine has been 
previously reported by Levene and LaForge (13), who obtained the com- 
pound as an oil. 


CyHisOgNe2 (246). Calculated. C 43.9, H 5.74, N 11.3 
Found. 44.3, “5.91, 11.0 


Chemical Properties of Dihydropyrimidine Derivatives; Alkaline Degrada- 
tion—Dihydropyrimidines are degraded to 8-ureido acid derivatives by 
dilute alkali (14). Fig. 2 presents the first order rate of decomposition of 
the dihydropyrimidines and their nucleosides in 0.09 n sodium hydroxide, 
as indicated by the loss of absorption at 230 mu. It is noted that dihydro- 
thymine and its deoxyriboside are degraded in alkali at equal rates. Di- 
hydrouracil, dihydrouridine, and dihydrodeoxyuridine are also degraded 
at equal rates. The dihydrouracil derivatives are more labile in alkali 
than the dihydrothymine derivatives. Thus, the rates of the alkaline 
cleavage to form 6-ureido acid derivatives are dependent upon the substi- 
tuent at C-5 and are not altered by the sugar attached to the N-1 of the 
dihydropyrimidine ring. The alkaline degradation rates and extinction 
values were used for further proof of identity of the dihydropyrimidines 
prepared by hydrogenation and condensation reactions. Thus, dihydro- 
uracil prepared by hydrogenation had an identical degradation rate and 
extinction value as the product made by the condensation reaction. Simi- 
larly, dihydrothymine preparations made by both methods were identical. 

Paper Chromatography—Dihydropyrimidine nucleosides were readily 
demonstrable on paper chromatograms in concentrations of about 10 y 
per sq. em. as yellow spots by using the p-dimethylaminobenzaldehyde 
spray procedure described by Fink et al. (15) for dihydropyrimidines. As 
with the dihydropyrimidines, an initial treatment of the chromatogram 
with alkali was necessary to convert the dihydropyrimidine derivatives to 
the 8-ureido acid derivatives. Among several solvent systems tested, di- 
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hydrouracil and dihydrothymine were readily separated from their nucleo- 
sides only in the ethyl acetate-phosphate buffer solvent (10). Complete 
separation of all the dihydropyrimidine compounds was accomplished by 
paper chromatography on 57 cm. strips of Whatman No. 1 paper, permit- 
ting the ethyl acetate-phosphate buffer solvent to descend the paper for 
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Fic. 2. Rates of alkaline degradation of dihydropyrimidine derivatives. At zero 
time 0.30 umole of the dihydropyrimidine derivative was added to 2.70 ml. of 0.10 N 
NaOH in a 1.00 cm. cuvette (total volume 3.0 ml.), the contents were mixed, and the 
optical density at 230 my followed with a recording spectrophotometer. The tem- 
perature was 27-29°. The following abbreviations are used: TDR = thymidine, 
DHTDR = dihydrothymidine, DHT = dihydrothymine, UDR = deoxyuridine, 
DHUDR = dihydrodeoxyuridine, DHU = dihydrouracil, and DHUR = dihydro- 
uridine. 


about 24 hours (the solvent runs off the paper in about 5 hours). Rela- 
tive to a migration rate on paper of 1.0 for dihydrothymine, values of 0.42, 
0.22, 0.087, and 0.035 were found for dihydrouracil, dihydrothymidine, 
dihydrodeoxyuridine, and dihydrouridine. 

Acid Hydrolysis—The dihydropyrimidine nucleosides are readily cleaved 
by treatment with dilute acid to the dihydropyrimidines and the free sugar 
(13). Dihydrothymidine, dihydrodeoxyuridine, and dihydrouridine were 
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hydrolyzed by treatment with 0.3 Nn sulfuric acid for 90 minutes in a boiling 
water bath. The formation of dihydrothymine and dihydrouracil was 
then demonstrated by paper chromatography. The acid lability of the 
8-glycosidic linkage in the dihydropyrimidine nucleosides is further illus- 
trated by the near quantitative color yield obtained under the acid condi- 
tions of the Dische diphenylamine and Bial orcinol determinations. Thus, 
dihydrothymidine and dihydrodeoxyuridine gave 95 and 92 per cent of the 
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Fig. 3. Arsenolysis of pyrimidine deoxyribosides and dihydropyrimidine ana- 
logues. The reaction mixture contained 1 umole (in the case of thymidine and di- 
hydrothymidine) or 1.2 umoles (in the case of deoxyuridine and dihydrodeoxyuridine) 
of the substrate, 50 umoles of arsenate buffer at pH 7.7, and 69 y of extract protein. 
Total volume, 1.0 ml. See the legend to Fig. 2 for abbreviations. 


molar color yield of deoxyribose,® respectively, while dihydrouridine gave 
94 per cent of the color yield of ribose. 

The dihydropyrimidine nucleosides were also slowly cleaved at neutral 
and alkaline pH values at 100°. Under the slightly alkaline conditions 
and the 100° temperature of the Park and Johnson reducing sugar deter- 


* Crystalline deoxyribose was a gift from Dr. James Hunter of The Upjohn Com- 
pany, Kalamazoo, Michigan. This compound gave the same molar color yield in 
the diphenylamine procedure as guanine deoxyriboside obtained from the Levene 
collection. 
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mination, 10 to 16 per cent of the deoxyribose and ribose of dihydrothymi- 
dine, dihydrodeoxyuridine, and dihydrouridine was liberated. In fact, 
there is a slow hydrolysis of dihydrodeoxyuridine in water at 100°, as indi- 
cated by reducing sugar analyses. Untreated dihydropyrimidine nucleo- 
side preparations contained no significant amounts of free sugar as shown 
by paper chromatographic analysis. 

Susceptibility of Dihydropyrimidine Derivatives to Enzymatic Action— 
Cell-free extracts of the pyrimidine-requiring mutant, EF. coli W.-, were 
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Fig. 4. Inhibition of phosphorolysis of thymidine by dihydrothymine derivatives. 
The control reaction mixture contained 2 uwmoles of thymidine, 80 umoles of phos- 
phate buffer at pH 7.7, and 17 y of extract protein. Total volume,2.0ml. The reac- 
tion mixtures for inhibition studies contained, in addition, 8 wmoles of either dihy- 
drothymine or dihydrothymidine. See the legend to Fig. 2 for abbreviations. 


shown to contain enzymes capable of catalyzing the rapid cleavage of 
pyrimidine nucleosides and the transfer of the sugar moieties of pyrimidine 
nucleosides to free pyrimidines (see ‘‘Enzymatic properties of cell-free ex- 
tracts’’). Although this enzyme preparation catalyzed the arsenolytic 
cleavage of thymidine and deoxyuridine, it had no action on dihydrothymi- 
dine and dihydrodeoxyuridine (Fig. 3). Similarly, it was found that di- 
hydrouridine was not cleaved under conditions in which uridine was rap- 
idly split. 

Experiments on enzymatic exchange (16) had revealed that the above 
enzyme preparation would catalyze the formation of deoxyuridine from 
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thymidine and uracil. However, there was no transfer of deoxyribose 
from thymidine to dihydrouracil or dihydrothymine in 0.04 m phosphate 
buffer at pH 7.7. Thus, reaction mixtures containing 1 mg. of extract pro- 
tein, 5 wmoles of thymidine, and 10 yuwmoles of either dihydrouracil or di- 
hydrothymine in a 2.0 ml. volume were incubated for 2 hours at 37°. After 
deproteinization, the reaction mixtures were analyzed by paper chroma- 
tography for dihydropyrimidine nucleosides. Dihydrodeoxyuridine and 
dihydrodeoxythymidine were not detected. The chromatographic esti- 
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Fig. 5. Inhibition of phosphorolysis of deoxyuridine by dihydrouracil derivatives. 
The control reaction mixture contained 2 zmoles of deoxyuridine, 80 umoles of phos- 
phate buffer at pH 7.7, and 34 y of extract protein. Total volume,2.0ml. The reac- 
tion mixtures for inhibition studies contained, in addition, 8 uzmoles of either dihy- 
drouracil or dihydrodeoxyuridine. See the legend to Fig. 2 for abbreviations. 


O 


mation of dihydropyrimidine derivatives is sufficiently sensitive to detect 
1 per cent reaction. 

The dihydropyrimidine derivatives are thus shown to be insensitive to 
the enzymes catalyzing nucleoside cleavage and pyrimidine exchange. In 
fact, these derivatives were shown to be slightly inhibitory to enzymes 
cleaving pyrimidine nucleosides. Dihydrothymine and its deoxyriboside 
inhibit the enzymatic cleavage of thymidine (Fig. 4), and dihydrouracil 
and its deoxyriboside inhibit the cleavage of deoxyuridine (Fig. 5). 


DISCUSSION 


The hydrogenation of pyrimidines and nucleosides has proved difficult 
in the past, high pressures and temperatures and long periods of time 
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having been required if the reaction proceeded at all (13, 16). The method 
here described for the preparation of dihydropyrimidine derivatives by 
catalytic hydrogenation results in quantitative hydrogenation and is spe- 
cific for the 5,6 double bond. In addition, the extremely mild conditions 
which include room temperature, neutral pH values, atmospheric pressure, 
and short periods of time (20 minutes to 2 hours) make it especially suitable 
for work on the structure of naturally occurring pyrimidine nucleosides, 
more specifically the identification of the sugar moiety. The glycosidic 
bond of the dihydropyrimidine nucleoside is readily cleaved under mild 
acid conditions to liberate the free sugar suitable for characterization (13) 
in contrast to the pyrimidine nucleosides which are much more resistant to 
hydrolysis. 

The preparative procedures described here resulted in crystalline de- 
rivatives in all cases but dihydrouridine. Two of these crystalline com- 
pounds, dihydrothymidine and dihydrodeoxyuridine, have not been pre- 
viously described. The dihydropyrimidine nucleosides were characterized 
by quantitative hydrogenation, elemental analysis, alkaline decomposition 
rates, paper chromatography, and identification of the free dihydropyrimi- 
dine after acid hydrolysis. 

That this method should be applicable to the hydrogenation of pyrimi- 
dine nucleotides as well is suggested by the work of Cohn and Doherty 
(11), who prepared dihydrouridylic acid. We have been able to prepare 
dihydrouridine diphosphate and dihydrodeoxyuridylic acid, and in both 
cases hydrogenation occurred readily and quantitatively. The applica- 
tion of this method to the cytosine series has proved much more difficult, 
due to overhydrogenation and the loss of the amino group as ammonia. 
However, we have been able to prepare dihydrocytosine, dihydrocytidine, 
and dihydrodeoxycytidine. These results will be discussed in a future 
paper. 

A role for dihydrouracil and dihydrothymine in uracil and thymine ¢a- 
tabolism in-mammalian tissue and in bacteria has been proposed (15, 17). 
The participation of dihydroorotic acid in the biosynthesis of orotic acid 
has been described (18). However, it is not known whether dihydropyrimi- 
dine nucleosides play a metabolic role in living organisms. Dihydrothy- 
midine, dihydrodeoxyuridine, and dihydrouridine were here shown to be 
inert to bacterial enzymes which catalyze nucleoside cleavage and pyrimi- 
dine exchange. Grossman and Visser (19) have reported the isolation of 
dihydrocytidylic acid from liver, this compound presumably being formed 
by phosphorylation of dihydrocytidine. We have observed the formation 
of a dihydrodeoxyuridine nucleotide from dihydrodeoxyuridine by a thy- 
mine-requiring bacterium,® thus again providing evidence that phosphoryl- 


6 Cohen, 8. S., Lichtenstein, J., and Green, M., unpublished data. 
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ation of dihydropyrimidine nucleosides can occur. We have not investi- 
gated the enzymatic reduction of pyrimidine nucleosides, but the isolation 
of dihydrocytidylic acid (19) suggests that this type of reaction may occur 
naturally. 


SUMMARY 


The preparation of 5,6-dihydropyrimidines and 5,6-dihydropyrimidine 
nucleosides in high yields by catalytic hydrogenation is described. Crys- 
talline dihydrothymidine and dihydrodeoxyuridine are reported for the 
first time. Some of the chemical and metabolic properties of these com- 
pounds are described. 
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Enzymatic deamination of serine to pyruvate and ammonia is a widely 
distributed reaction (1-3). The discovery by Metzler and Snell (4) that a 
corresponding non-enzymatic reaction was catalyzed by pyridoxal and 
metal salts led directly to their recognition of pyridoxal phosphate as co- 
enzyme for the enzymatic reaction (5). This finding was also made in- 
dependently by others (6). 

This non-enzymatic reaction is illustrative of a number of similar a, 
elimination reactions that occur with appropriate B-substituted amino 
acids. Only a few such reactions have been examined. These include 
deamination of threonine to a-ketobutyrate and ammonia (7), desulfhy- 
dration of cysteine to pyruvate, ammonia, and hydrogen sulfide (4), the 
cleavage of cystathionine to homocysteine, pyruvate, and ammonia (8), 
and, more recently, the formation of chloride, pyruvate, and ammonia from 
8-chloroalanine (9). Each of these non-enzymatic reactions corresponds to 
a known enzymatic reaction catalyzed by a pyridoxal phosphate protein, 
and the mechanism proposed for the non-enzymatic reactions (10) may 
hold for the enzymatic reactions as well. 

Further studies, reported below, show that similar reactions occur rap- 
idly at or above room temperature with serine-3-phosphate, azaserine, 
0-carbamylserine, and threonine-3-phosphate. All of these reactions are 
catalyzed by pyridoxal and metal ions; their course is in satisfactory ac- 
cord with the mechanism for such reactions previously presented (10). 


EXPERIMENTAL 


The general procedures employed have been described elsewhere (4, 11). 
Pyruvate and a-ketobutyrate were estimated quantitatively as their 2,4- 
dinitrophenylhydrazones (11) and differentiated from other keto acids by 


* Prepared in part from a thesis submitted by J. B. Longenecker to the Graduate 
School of the University of Texas in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy, June, 1956. | 

t Present address, E. I. du Pont de Nemours and Company, Inc., Wilmington, 
Delaware. 

t Present address, the University of California, Berkeley, California. 


409 


| 


410 SERINE PHOSPHATE AND RELATED COMPOUNDS 


the chromatographic and spectrophotometric properties of these deriva- 
tives (4, 12). Inorganic phosphate was determined by the method of 
Fiske and Subbarow (13), homocysteine by the method of Brand et al. 
(14) as modified by Binkley and Boyd (8), and ammonia by the procedure 
described by Metzler and Snell (4). 

Analytically pure samples of serine-3-phosphate and threonine-3- (or al- 
lothreonine-3) phosphate were prepared by Dr. M. Ikawa by the procedure 
of PlaPinger and Wagner-Jauregg (15). These compounds are subse- 
quently referred to as serine phosphate and threonine phosphate, respec- 
tively. Azaserine (O-diazoacetylserine) and 6-diazo-5-oxonorleucine were 
gifts of Parke, Davis and Company. O-Carbamylserine (16) and L-cysta- 
thionine (17) were gifts from Dr. C. G. Skinner and Dr. R. P. Wagner, 
respectively. 

Stock solutions were prepared with distilled water that was passed 
through a mixed bed deionizing resin. Unless otherwise noted, rate studies 
were carried out in unbuffered solutions to avoid previously noted buffer 
effects (4). With threonine and serine phosphates, the pH changed very 
little during the reaction in these unbuffered mixtures. All pH measure- 
ments were made at 10° since the reactions proceed appreciably at room 
temperature. Reactions were carried out in sealed tubes containing 5 to 
10 ml. of solutions, as required for analysis, at concentrations specified in 
Tables I to V. 


Results 


Reactions of Serine Phosphate and Threonine Phosphate—From the data 
of Table I, equations for the decomposition of serine phosphate and threo- 
nine phosphate can be written as follows: 
ridoxal 
Mt+ 


yridoxal 
— 


Serine-3-phosphate + H,o —2~ 


> pyruvate + H;PO, + NH; 


(2) Threonine-3-phosphate + H,O P 


a-ketobutyrate + H;PO,4 + NH; 


Neither reaction proceeds significantly in the absence of pyridoxal, and the 
reaction is relatively slow in the absence of added metal ions (M**). 
Transamination occurs under these conditions with many amino acids, but 
is a much slower reaction (4, 11) and hence is not an important side reac- 
tion with these substrates. The comparative rates of the reactions with 
the two phosphorylated amino acids are shown in Fig. 1; the presence of 
the phosphate ester grouping increases the rate several hundred-fold over 
that of the corresponding reactions previously observed for free serine (4) 
and threonine (7). Just as deamination of serine occurs faster than that 
of threonine in these systems (7), so the reaction with serine phosphate is 
significantly more rapid than that with threonine phosphate. 
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TABLE I 


Stoichiometry of Deamination of Serine-3-phosphate and 
Threonine-3-phosphate by Pyridoxal and CuSO, 


Reaction mixture* 


Reaction products, mmoles per liter 
Catalysts, mmoles 
per liter 
Substrate, 10 mmoles per liter 
| | | | Bk | 
Serine-3-phosphate 0 0.2 0.1 0.1 0 0 10.7 
2.0 0 0.9 0.9 0.6 1.9 8.7 
2.0 0.2 8.5 8.6 8.4 1.9 0.8 
Threonine-3-phosphate 0 0.2 0.1 0.1 0.1 0 10.8 
2.0 0 0.2 0.2 0.2 1.9 10.1 
2.0 0.2 2.9 2.8 2.3 2.0 7.8 


Descending unidimensional chromatography was employed in place of circular 
chromatography. Estimated error for the over-all determination is not less than 
+10 per cent. 

*The reaction was buffered at pH 7.0 with 0.02 n maleic acid buffer and heated 4 
minutes at 100°. 

tDetermined by the procedure of Giri et al. (18). 
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MINUTES AT 100° C. 


Fig. 1. Comparative rates of keto acid and inorganic phosphate formation from 
serine-3-phosphate and threonine-3-phosphate. Unbuffered reaction mixtures at 
pH 7.0 were heated at 100°. Curve 1, inorganic phosphate; Curve 2, pyruvate, formed 
from 10 mm serine phosphate, 2 mm pyridoxal, and 0.025 mm CuSO,; Curve 3, inor- 
ganic phosphate; Curve 4, a-ketobutyrate formed from 10 mm threonine phosphate, 
2 mM pyridoxal, and 0.2 mm CuSQ,; Curve 5, pyruvate formed from the reaction 
mixture as in Curve 1, but with CuSO, omitted; Curve 6, a-ketobutyrate formed 
from reaction mixture as in Curve 3, but with CuSO, omitted. 
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The rate of the reaction increases with increased concentration of pyri- 
doxal or metal ion (Table II). At sufficiently high metal ion concentra- 
tion, however, the rate is decreased. 


TABLE II 
Effect of Catalyst Concentration on Rate of Deamination of Serine-3-phosphate 
Catalysts* Products 
Pyridoxal CuSO, Inorganic phosphate Pyruvate 
mmoles per l. mmole per l. mmoles per l. mmoles per l. 
2.0 0.025 5.3 5.5 
2.0 0.05 7.2 7.3 
2.0 0.1 8.0 7.7 
2.0 0.2 9.0 8.9 
2.0 0.4 7.9 7.5 
2.0 1.0 7.5 7.0 
1.0 0.2 6.5 6.7 
0.5 0.2 4.5 4.0 


* Reaction mixtures contained 10 mmoles per liter of serine phosphate, and 0.02 
N maleic acid buffer, pH 7.0, and were heated 4 minutes at 100°. 


o 
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KETO ACID FORMED, mM 


Fiac. 2. Variation with metal ion and temperature in the pH optimum of the pyri 
doxal-catalyzed production of pyruvate from serine-3-phosphate. Unbuffered reac- 
tion mixtures contained 10 mmoles of serine phosphate and 2 mmoles of pyridoxal 
per liter. Curve 1,0.05 mmole of CuSQ,, 4 minutes at 100°; Curve 2, 0.05 mmole of 
(FeN H,)2(SO,)2, 4 minutes at 100°; Curve 3, 1.0 mmoles of CuSQ,, 128 minutes at 37°. 


The optimal pH for pyruvate production from serine phosphate varies 
somewhat with the metal ion and with temperature (Fig. 2). However, 
the variation with temperature may be misleading because of associated 
variations in the dissociation of water. 
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The catalytic effects at 37° of various metal ions upon the reaction of 
Equation 1 are compared in Table III. As found previously for serine de- 
amination (4) and transamination (11), Cu(II), Fe(II), Fe(III), and Al(IIT) 
are highly active catalysts. Mn(II) and Ga(III) also are effective when 
tested at appropriate concentrations and pH values. Other metal ions 
tested were essentially inactive at this temperature; Co, Ni, and Zn also 
showed catalytic activity when the reaction was conducted at a higher tem- 
perature. A more detailed study of the effect of metal ions on this and 
related reactions has appeared elsewhere (19). 

Reactions of Carbamylserine and Azaserine—These carboxylic acid esters 
of serine are decomposed somewhat more rapidly than serine phosphate at 


TABLE III 


Comparative Catalytic Effects of Different Metal Ions on 
Deamtination of Serine-3-phosphate at 37°* 


Pyruvate produced, mM, in 
Metal ion pH 
32 min. 64 min. 128 min. 

Cu(II) 10 4.7 6.7 8.6 
Mn (II) 10 4.4 5.3 6.3 
Fe(II) 10 3.8 5.0 6.8 
Fe(III) 10 2.4 3.6 5.8 
Ga(IIT) 9 2.1 3.3 5.4 
AL(ITT) 9 1.6 2.3 3.3 
None 10 0.1 0.2 0.7 


* Reaction mixtures, 10 mM in serine phosphate, 2 mm in pyridoxal, 1 mM in 
metal ion, and unbuffered at the indicated pH, were incubated at 37°. 


room temperature (Table IV). Pyridoxal is an essential catalyst, and the 
reaction is greatly speeded by metal salts. Stoichiometric measurements 
showed 2 moles of ammonia released from carbamylserine for each mole of 
pyruvate formed, in accord with Equation 3: 


O NH, 


(3) ! | 
H,NCOCH,CHCOOH + H,0 + CO, + CH,COCOOH 


The carbamate ion released from the 8 position decomposes to ammonia 
and carbon dioxide. Presumably azaserine decomposition takes a similar 
course with primary release of diazoacetate, as in Equation 4: 


O NH, 


ridoxal 
M++ 


N2CH:COOH + CH;COCOOH + NH; 


| | 
(4) N,CH.COCH.CHCOOH + H.0 


| 
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Only pyruvate and ammonia were determined in this instance, and were 
formed in equimolar amounts. Equation 4, should it occur in vivo, may 
explain why azaserine affects some organisms in quite a different way from 
_the structurally similar antibiotic, 6-diazo-5-oxonorleucine (DON) (20), in 
which a methylene group replaces the y-oxygen atom of azaserine, and 
which did not undergo this degradation reaction in these model systems, 
Effect of Buffer Salts and Chelating Agents on Cleavage of Serine Phos- 
phate and Cystathionine—Binkley and Boyd (8) report that oxalate or 
other chelating agents are essential for the cleavage of cystathionine to 
homocysteine, pyruvate, and NH; at 37° in the presence of pyridoxal and 
CuSO,. Since the rate of deamination of serine phosphate found here for 


TABLE IV 


Comparative Rates of Pyruvate Production from Serine-3-phosphate, Carbamylserine, 
and Azaserine on Incubation with Pyridoral and Metal Tons* 


Pyruvate production (mmoles per liter) at 37° from 


Time Serine-3-phosphate Carbamylserine Azaserine 


Complete No Ga(III) Complete No Ga(IIT) Complete No Ga(III) 


min. 

15 2.0 0.2 3.6 0.3 2.7 0.3 
30 2.9 0.2 4.6 0.4 4.6 0.5 
60 3.7 0.3 4.9 0.6 5.2 0.8 
120 4.8 0.4 6.8 0.7 5.8 1.6 


* The complete reaction mixture contained, per liter, 10 mmoles of serine phos- 
phate, carbamylserine, or azaserine, 2 mmoles of pyridoxal, and 1 mmole of Ga(NQ;);, 
and was buffered at pH 9.0 with 0.1 m bicarbonate buffer. No pyruvate was pro- 
duced in any of the reaction mixtures when pyridoxal was omitted. 


unbuffered systems is similar to that reported for cystathionine cleavage in 
systems containing added chelating agents, tests were run to establish the 
effect of oxalate and bicarbonate upon deamination of serine phosphate. 
The results with Fe(III), the metal ion with which the greatest stimula- 
tion occurs, are given in Fig. 3. The presence of these salts increases the 
rate of the reaction significantly, but bicarbonate, a non-chelating ion, is 
more effective than oxalate. 

On the basis of these results, the effects of oxalate, bicarbonate, and 
tris(hydroxymethyl)aminomethane (Tris) on cystathionine cleavage were 
compared (Table V). Activation of the reaction by oxalate and Tris does 
occur, but bicarbonate has a similar effect. The reaction is slower than 
that reported previously (8), and proceeds rapidly in the absence of added 
chelating agents. The system presents analytical difficulties, and was not 
studied further. 
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The reason for the stimulatory effects of buffer salts on these elimination 
reactions is unknown. A similar effect of acetate and phosphate buffers 


10 r T 


mM 


T 


PYRUVATE FORMED, 


1 i 1 i 
16 32 48 64 
MINUTES AT 37° C. 
Fia. 3. The effect of oxalate and bicarbonate buffers on deamination of serine-3- 
phosphate by pyridoxal and Fe(III). Unbuffered reaction mixtures, 10 ma in serine 
phosphate, 2 mm in pyridoxal, and 1 mM in FeCl; were incubated at 37° and at pH 
10.0 after the following additions had been made: Curve 1, sodium bicarbonate to 
0.05 mm; Curve 2, sodium oxalate to 0.05 mm; Curve 3, none. 


TABLE V 
Effect of Buffer Salts on Cleavage of Cystathionine to Homocysteine and Pyruvate* 
Products formed 
Buffer salts 
Homocysteine Pyruvate 
mmoles per l. mmoles per l. 
0.05 m sodium oxalate.............. 1.15 1.07 
0.05 tris(hydroxymethy!)aminomethane. . . 1.46 


* The reaction mixtures were at pH 9.0 and contained, per liter, 5 mmoles of L-cys- 
tathionine, 1 mmole of pyridoxal, and 1 mmole of CuSO,. Incubation was at 37° 
for 1 hour. With 10~* m pyridoxal and metal salt, similar effects were noted, but 


the yields of homocysteine and pyruvate were only about 50 per cent of those shown 
above. 


on deamination of serine was noted earlier (4). Because the effect is evi- 
dent with a variety of buffers, including non-chelating species, and over a 
wide pH range, it does not appear to result from metal buffering (8), but 
may be a less specific effect of ionic strength. 
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DISCUSSION 


The mechanism previously proposed (10) for these pyridoxal-catalyzed 
a,8 elimination reactions suffices to explain the reactions studied here. 
According to this proposal, the catalytic effectiveness of pyridoxal and 
metal ion is due to intermediate formation of a Schiff base with the amino 
acid, which results in labilization of the a-hydrogen of the amino acid, thus 
permitting elimination of the 6 substituent as an anion, and hydrolysis of 
the Schiff base of an aminoacrylic acid thus formed to the corresponding 
keto acid and ammonia, with regeneration of catalysts (VII — XII 5 
XIII — pyridoxal + M*++ + NH; + R’-CH,COCOOH ((10), p. 650)). 
In any given series of compounds, the more electronegative the 6 substitu- 
ent, the more rapidly such elimination would occur. Thus #-chloroalanine, 
by loss of Cl-, yields pyruvate and ammonia much more rapidly than does 
serine (9), for Cl is much more electronegative than OH (21). Similarly, 
the ester groupings of O-carbamylserine, azaserine, serine phosphate, and 
threonine phosphate are more electronegative than the OH of serine and 
threonine (21), and the reactions with these compounds hence occur at a 
more rapid rate than with serine and threonine. With these free amino 
acids, cleavage to yield glycine and formaldehyde or acetaldehyde, respec- 
tively, is observed in the presence of pyridoxal and metal ions as a compet- 
ing reaction to deamination (7). Neither formaldehyde nor acetaldehyde 
is formed during the reactions of serine phosphate and threonine phosphate 
studied here; the tendency toward elimination of the 8 substituent is suf- 
ficiently great to prevent the alternative electromeric shift (10) necessary 
for cleavage of the carbon chain to occur. 

In view of the rapid dephosphorylation-deamination of serine phosphate 
in these systems, it is of interest that its decarboxylation product, ethanol- 
amine-O-phosphate, was inert under the same conditions. A contributory 
effect of the carboxyl group, especially when chelated to a metal ion as in 
VII ((10), p. 650), to labilization of the a-hydrogen and consequent 8 elimi- 
nation of an electronegative constituent is to be expected. 

Threonine phosphate and serine phosphate occur free in nature and also 
as substituted derivatives (e.g., phosphatidylserines and related products) 
that would be expected to undergo these same reactions. It is not unlikely 
that pyridoxal phosphate-dependent enzymes catalyzing such reactions 
may occur in some biological systems; certainly the chemical reactivity of 
pyridoxal or its phosphate is compatible with the existence of such enzymes. 


SUMMARY 


Catalytic deamination of serine (4) and threonine (7) by pyridoxal and 
metal salts has been shown previously to resemble closely the correspond- 
ing enzymatic reactions. In an extension of this work it is shown that 
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esters of serine and threonine are degraded rapidly at or above room tem- 
perature, according to the general equation: 
Ox 


_ pyridoxal 
metal ion 


| 
R—CHCH—COOH + H.0 > XOH + NH; + RCH.COCOOH 


NH, 


Pyridoxal is an essential catalyst; appropriate metal ions also are required 
for rapid reaction. Metal ions fall in the following approximate order of 
effectiveness at 37°: Cu(II) > Mn (II) > Fe(II) > Fe(III) > Ga(III) > 
AI(III). 

In accord with this equation, serine-3-phosphate yields pyruvate, ammo- 
nia, and inorganic phosphate; threonine-3-phosphate yields a-ketobutyr- 
ate, ammonia, and inorganic phosphate; O-carbamylserine yields pyruvate, 
ammonia, and carbon dioxide; and azaserine yields pyruvate, ammonia, 
and presumably diazoacetic acid. Each of these reactions proceeds rapidly 
at or above room temperature; all are much faster than the corresponding 
reactions of serine and threonine. ‘The general mechanism previously pre- 
sented (10) for pyridoxal-catalyzed a,8 elimination reactions accounts 
satisfactorily for these reactions; their more rapid rate can be considered a 
consequence of the increased electronegativity of the 6 substituent. 

These reactions and the similar degradation of cystathionine to homo- 
cysteine, pyruvate, and NH; proceed rapidly in unbuffered solutions, but 
their rate is enhanced by the presence of various buffer salts, including 
oxalate, bicarbonate, and tris(hydroxymethyl)aminomethane. These ef- 
fects are apparently not due to metal buffering by the added salts. 
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ON THE MECHANISM OF ACTION OF PHOSPHOGLUCOSE 
ISOMERASE AND PHOSPHOMANNOSE ISOMERASE 


By YALE J. TOPPER 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, Public Health Service, United States Department of Health, Education 
and Welfare, Bethesda, Maryland) 


(Received for publication, September 12, 1956) 


The interconversion of ketoses and aldoses or of their phosphate esters 
involves the migration of a carbon-bound hydrogen to an adjacent carbon 
atom. In reactions of this type, two mechanistic possibilities present 
themselves: (1) The hydrogen may shift as a hydride ion as follows: 


H—C=0O 
| H—C—OH 
| | C=O 


This transformation is intramolecular and would involve no exchange be- 
tween the migratory hydrogen and hydrogen in the aqueous solvent. (2) 
The hydrogen may migrate as a proton (Fig. 1), in which case exchange 
with the solvent would occur. In order to distinguish between these al- 
ternatives the conversion of fructose-6-phosphate (F-6-P) into glucose-6- 
phosphate (G-6-P), catalyzed by phosphoglucose isomerase, was conducted 
in the presence of deuterium oxide. 

With respect to possible products derivable from a given aldose, while 
it is conceivable that both a ketose and a second aldose might be formed, 
it becomes more and more apparent (1-5) that in isomerization reactions 
of this type there is not a direct conversion of one aldose into the corre- 
sponding diastereoisomeric aldehyde; instead, the corresponding ketose is 
first formed which can then, in some cases, give rise to the second aldehyde. 
Some of the mechanistic reasons for these relationships have been investi- 
gated. 


EXPERIMENTAL 


Conversion of Fructose-6-phosphate to Glucose-6-phosphate in Deuterium 
Oxide—A solution of 200 mg. of barium fructose-6-phosphate in 2.0 ml. 
of 99.5 per cent D,O was decolorized with Norit A. After a seed of crys- 
talline barium glucose-6-phosphate was introduced, the solution was per- 
mitted to stand at room temperature for 10 hours in order that G-6-P 
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present in the commercial material might separate from the mixture as the 
barium salt; this was removed by filtration. Then 0.08 ml. of a solution 
of rabbit muscle phosphoglucose isomerase (6) was added to the clear 
supernatant fluid; final concentration of D2,O was 95.7 per cent; final pH, 
7.0. Barium glucose-6-phosphate began to crystallize from the solution 
after about 1 hour; total incubation time at 26° was 15 hours. The prod- 
uct was collected by filtration and recrystallized three times as the barium 
salt from water by alternate acidification and neutralization. Yield, 53 
mg. The purity of the crystalline barium salt heptahydrate was about 
99 per cent, based upon assay with glucose-6-phosphate dehydrogenase, 

Barium glucose-6-phosphate so obtained was found to contain 0.9] 
atom excess deuterium per mole. The osazone derived from this material 
was devoid of isotope. 

Synthesis of Glucose-6-phosphate-1-D—3.5 gm. of barium gluconate-6- 
phosphate (7) were treated with Amberlite IR-120 (H) in 20 ml. of 99.5 
per cent deuterium oxide in order to remove barium ions and exchange 
oxygen-bound hydrogen for deuterium. The supernatant solution was 
lyophilized to dryness and the acidic residue was dissolved in 23 ml. of 
99.5 per cent D,O. This solution was then heated at 65° for 2 hours in 
order to lactonize the acid. Reduction to the aldehyde was effected by 
treating the solution containing gluconolactone-6-phosphate with 37 gm. 
of 2.5 per cent sodium amalgam; the amalgam was added slowly while the 
temperature was maintained at 0°, and the pH was kept at 4.0 by the drop- 
wise addition of sulfuric acid in D.O. Barium chloride in D.O was added 
to the aqueous layer which had been separated from mercury, and barium 
sulfate was removed by centrifugation. The pH of the supernatant solu- 
tion was brought to 7.0 by the addition of NaOD which had been prepared 
from D,O and sodium amalgam. The white, amorphous precipitate which 
formed at this point was removed by filtration, and the filtrate was seeded 
with crystalline barium glucose-6-phosphate and permitted to remain at 
room temperature. Crystals began to appear after 15 hours; after 7 days 
the crystalline product was collected by filtration, recrystallized four 
times from H.0 as the barium salt, converted to the brucine salt, and finally 
reconverted to the barium salt. Yield, 320 mg. The purity of the crys- 
talline barium salt heptahydrate, based upon assay with glucose-6-phos- 
phate dehydrogenase, was 96 per cent. The product contained 0.92 atom 
excess of deuterium per mole. 

Incubation of Glucose-6-phosphate-1-D with Phosphohexose Isomerases— 
Rabbit muscle phosphoglucose isomerase free from phosphomannose 
isomerase was prepared by the method of Slein (6). The muscle phospho- 
mannose isomerase (8) used in these experiments was a generous gift from 
Dr. Milton Slein of Camp Detrick, Maryland. 
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Glucose-6-phosphate-1-D, as the potassium salt, was incubated with 
phosphoglucose isomerase and also with a combination of this enzyme and 
phosphomannose isomerase. The water in the medium was then analyzed 
for deuterium by the optical spectroscopic method of Broida et al. (9); we 
are indebted to Dr. H. P. Broida and M. Chapman of the National Bureau 
of Standards for these determinations. The results are presented in Table I. 


TaBLeE 
Incubation of Glucose-6-phosphate-1-D with Phosphohezose Isomerases 


100 umoles of glucose-6-phosphate-1-D (0.92 atom excess deuterium per mole) 
in total volume of 0.56 ml. Incubation, 1 hour at 26°, pH 6.8. 


Atom per cent Atom deuterium 
System excess deuterium {per mole substrate 
in water medium [released into water 


Phosphoglucose isomerase*.......................-.. 0 0 
“ ” + phosphomannose iso- 
Phosphoglucose isomerase + phosphomannose iso- 


* At the end of the incubation period this system contained 34 umoles of F-6-P 
as determined by the method of Roe (10). 

t At the end of the incubation, this system contained 30 umoles of F-6-P. 5 times 
as much phosphoglucose isomerase as phosphomannose isomerase activity was pres- 
ent. 


DISCUSSION 


When fructose-6-phosphate was treated in deuterium oxide with muscle 
phosphoglucose isomerase, the reaction product, glucose-6-phosphate, was 


H—C=0O H—C==NNHC,H; 
H—C—OH C==NNHC,H; 
3H,NNHC.H, 
H—C—OH H—C—OH 
H—C—OH 
CH:.OPO;H; CH.OPOs3Hs 
G-6-P Phenylglucosazone-6- 
phosphate 
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found to have incorporated approximately 1 atom of carbon-bound dey. 
terium per mole. The osazone prepared from the product was completely 
devoid of heavy hydrogen. Since the only carbon-bound hydrogen which 
the osazone lacks, as compared with the parent compound, is that originally 
present on C-2 (Scheme 1), the deuterium present in the hexose phosphate 
must have resided on C-2. These results suggest that the enzymatic 
isomerization proceeds via the following sequence (Fig. 1). 

The hemiacetal linkage of the cyclic sugar is presumably first ruptured 
to give the open chain form; this is followed by labilization of an a-hydro- 
gen on C-1 as a proton and consequent enediol formation. It is Reaction 
e of the sequence which leads to deuterium incorporation on C-2 when the 


H-~C-OH H ©@C-OH 
FRUCTOSE —6-P —> 
(CYCLIC) ~~ | 
FRUCTOSE - 6-P 
(OPEN FORM) c(t 
H H H 
c=0 clo - 0H 
f e ll 
GLUCOSE H-C-OH => | c-on 
(CYCLIC) 
GLUCOSE-6-P ENEDIOL 


Fic. 1. Proposed sequence of reactions occurring during enzymatic isomerization 


reaction is carried out in deuterium oxide. A hydride-ion mechanism, 
whether it be intramolecular or intermolecular, would lead to no deuterium 
uptake on carbon. In these respects the enzymatic transformation is 
similar to the alkali-catalyzed interconversion of glucose and fructose as 
demonstrated by Topper and Stetten (11) and Sowden and Schaffer (12). 
It is not known whether the isomerase has mutarotase-like activity or 
whether the conversion of the cyclic to the open chain forms of the hexose 
phosphates is non-enzymatic. 

Recently, Slein (13) has shown that a second phosphohexose isomerase, 
present in rabbit muscle and referred to as phosphomannose isomerase, 
interconverts F-6-P and mannose-6-phosphate (M-6-P). It thus appears 
that, whereas the ketohexose phosphate can give rise to one or the other 
aldose phosphate, according to which of the two isomerases acts upon it, 
the conversion of one aldose to the other does not occur directly but pro- 
ceeds via the intermediary formation of fructose-6-phosphate. Some 
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stereochemical information relating to this point is recorded in Table I. 
Thus, whereas the dynamic equilibrium between G-6-P and F-6-P catalyzed 
by phosphoglucose isomerase does not lead to a loss of deuterium initially 
present on C-1 of synthetic glucose-6-phosphate-1-D, the simultaneous 
presence of phosphomannose isomerase does result in a release of deuterium 
from the substrate into the medium. Thus, the isomerases are able to 
distinguish between the 2 hydrogen atoms on C-1 of F-6-P; furthermore, 


PGI 
Pal 
D-Cc=0 PGI PMI c=0 
H-C-OH c=0 HO-C-H 
G-6-P F-6-P M-6-P 


Fic. 2. Stereospecificity of the phosphohexose isomerases. PGI, phosphoglucose 
isomerase; PMI, phosphomannose isomerase. 


Fic. 3. Configurational relationships about the first 3 carbon atoms of F-6-P. 
Heavy bars indicate possible sites of attachment to enzyme. 


itis clear that the hydrogen which is attacked by phosphoglucose isomerase 
is not the one which is acted upon by phosphomannose isomerase, and 
vice versa (Fig. 2). 

Several long established stereochemical facts about these sugars should 
now be pointed out. In F-6-P, by virtue of the double bond on C-2, it is 
possible for C-1, C-2, their respective oxygen atoms, one of the H atoms on 
(-1, and C-3 to assume an essentially planar configuration (Fig. 3). In 
the aldehydes where the double bond is on C-1, C-3 cannot be coplanar 
with the 5 atoms mentioned above (Fig. 4). As demonstrated in an earlier 
section of this paper, an enediol is presumably formed as the intermediate 
in these isomerizations; in this form C-1, C-2, and the 4 atoms bound to 
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them are necessarily coplanar. It is necessary, therefore, to visualize two 
geometrical isomers, a cis and a trans enediol, the one giving rise to G-6-P 
and the other to M-6-P. Two facts are now known about the relationship 
between F-6-P and enediol formation; 7.e., the ketose can give rise to one 
or the other geometrical isomer, depending upon which enzyme acts upon 
it, and one or the other of the 2 hydrogen atoms on C-1 is activated in the 
process. Stereospecificity for hydrogen such as has been described indi- 
cates that the enzymes bind the substrates at a minimum of three points, 
Let us suppose that three binding sites for F-6-P about C-1 and C-2 are 
as depicted in Fig. 3. If A is the binding pattern for the one isomerase, 
then B is the pattern for the other; it is reasonable to assume that in the 
enzyme-substrate complex the 6 atoms of the substrate mentioned above 
are coplanar, since the enediol subsequently formed is necessarily coplanar 


Fic. 4. Configurational relationships about the first 3 carbon atoms of G-6-P and 
M-6-P. Heavy bars indicate possible sites of attachment to enzyme. 


about these points and is presumably enzyme-bound. Accordingly, a 
cis-enediol is the intermediate in one isomerization while a trans-enediol 
is involved in the other. This, in turn, is directly related to stereospecific- 
ity for hydrogen (Fig. 2). 

The binding pattern for the aldehydes would presumably be as depicted 
in Fig. 4, where C-3 is visualized as projecting out from the plane of the 
paper in each case. It appears, then, that the inability of C-3 of the alde- 
hydes to achieve coplanarity with the groups about C-1 and C-2 is largely 
responsible for the fact that the aldoses can give rise to only one or the 
other of the enediols. Further, it may be deduced that C-3 is probably 
not a binding site since in the conversion of aldehyde into enediol a con- 
siderable movement of C-3 into the plane of the carbon-carbon double 
bond must occur. 

Similar considerations probably apply to a variety of aldose isomerase 
systems reported by a number of investigators. ‘Thus enzymes have been 
described which interconvert mannose and fructose (1), lyxose and xylulose 
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(1), rhamnose and rhamnulose (1), ribose-5-P and ribulose-5-P (2), arabin- 
ose and ribulose (3), xylose and xylulose (4), and fucose and fuculose (5). 
In none of these transformations is one aldose converted into the corre- 
sponding epimeric aldehyde; instead, the corresponding ketose is formed. 


SUMMARY 


It has been demonstrated, with the aid of deuterium, that the intercon- 
version of glucose-6-phosphate and fructose-6-phosphate, catalyzed by 
phosphoglucose isomerase, probably proceeds via an enediol intermediate. 
A detailed mechanism to account for this over-all isomerization has been 


proposed. 

It has also been shown that, of the 2 hydrogen atoms on C-1 of fructose- 
6-phosphate, one is activated by phosphoglucose isomerase and the other 
by phosphomannose isomerase. Because of such stereospecificity and other 
stereochemical considerations, it is concluded that fructose-6-phosphate 
can form either a czs- or trans-enediol, depending upon which of the two 
isomerases acts upon it, whereas glucose-6-phosphate and mannose-6- 
phosphate can form only one or the other of the two geometrical isomers. 
A rationalization of these apparent differences has been offered. 
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THE METABOLISM OF TESTOSTERONE-4-C" 
IN HUMAN SUBJECTS 


II. ISOLATION OF METABOLITES FROM PLASMA 


By W. ROY SLAUNWHITE, Jr., anp AVERY A. SANDBERG* 
(From the Roswell Park Memorial Institute, Buffalo, New York) 


(Received for publication, July 12, 1956) 


The isolation and identification of 17-ketosteroids from human plasma 
are arduous tasks fraught with technical difficulties. In spite of this, de- 
hydroisoandrosterone (DHA) and androsterone (A) have been identified 
recently (1-3). In addition, A*-androstene-3 ,17-dione and 11-hydroxy-A?- 
androstene-3 ,17-dione have been identified in human blood of adrenal 
vein (4). On the other hand, etiocholanolone, one of the major urinary 
17-ketosteroids, has escaped isolation from human plasma. ‘The investi- 
gations reported in Paper I of this series (5) afforded us an excellent op- 
portunity to study the metabolites of testosterone-4-C™ present in the 
plasma. In addition to unmetabolized radioactive testosterone, we have 
found C!4-labeled etiocholanolone, isoandrosterone, and androsterone. 


EXPERIMENTAL 


Blood was drawn at varying intervals, ranging from 15 to 240 minutes 
after the injection of 1 ye. of testosterone-4-C'™ (5 we. per mg.) intraven- 
ously into each of nine subjects of both sexes. The conjugated steroids 
in each sample of plasma were separately hydrolyzed and extracted by pro- 
cedures described elsewhere (5). Briefly, the methods employed comprised 
the extraction of unconjugated steroids with chloroform and of conjugated 
steroids with alcohol. The latter steroids were dissolved in water, hy- 
drolyzed, and extracted by three consecutive procedures: hydrolysis with 
8-glucuronidase followed by extraction with chloroform; continuous ex- 
traction with ether at pH 1; and reflux of a strongly acid solution, followed 
by extraction with ether. After the radioactivity had been determined, 
all the extracts were pooled, and this pooled extract represented 800 to 900 
ml. of plasma. The plasma of a male subject (I’. P.), who had received 
2 uc. of radioactive testosterone intravenously 30 minutes prior to the 
withdrawal of 500 ml. of blood, was processed separately. 

The two extracts were treated similarly. Lipides were removed by a 
four-tube countercurrent distribution between 100 ml. of hexane and 100 
ml. of 70 per cent methanol, water was added to the methanol extract. to 
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reduce the concentration of methanol to 45 per cent, and the solution was 
then extracted four times with 0.25 volume of benzene. (This procedure 
was shown to extract added etiocholanolone or androsterone quantita- 
tively.) The combined benzene extracts were washed with 1 N sodium 
hydroxide and water to remove acids and phenols. The combined alkaline 
extract and washings were acidified to pH 1 and extracted with ether. The 
radioactivities in the hexane, benzene, and ether extracts were deter- 
mined as described below. 

The benzene extract of F. P. was then suitable for gradient elution chro- 
matography (6), but that of the pooled extract, representing a much larger 
amount of plasma, contained too much material (375 mg.). Hence, this 
latter extract was subjected to a Girard separation, 0.8 gm. of Girard’s 
Reagent T and 4 ml. of glacial acetic acid being used. After heating for 
30 minutes on a steam bath, the solution was processed (7). The non- 
ketonic fraction was not submitted to a second Girard reaction since pre- 
liminary experiments with pure dehydroisoandrosterone had indicated 
recoveries of 90 to 100 per cent. The ketonic fraction was chromato- 
graphed by gradient elution (6). Determinations of radioactivity were 
performed on alternate fractions from the column. 

Individual steroids were identified by paper chromatography (8) of the 
free steroids and their acetates. The acetates were formed by treatment 
with acetic anhydride and pyridine at room temperature overnight. Asa 
further test of identity, from 10 to 20 mg. of carrier steroid were added 
and crystallized to constant radioactive specific activity. 

Determinations of radioactive substances in solution were performed 
by plating a portion of the solution and counting the radioactivity in a 
windowless preflush counter. The necessary corrections were made for 
self-absorption. If the radioactive substances were on a chromatogram, 
the paper strip was passed under a Geiger tube having an ultrathin window 
(<120 y per sq. cm.) (Nuclear Instrument and Chemical Corporation, 
Chicago, C-100 actigraph). The information from a count rate meter was 
recorded on an Esterline-Angus recorder. This equipment, although con- 
venient, is inefficient, owing to a combination of geometry and absorption 
of low energy 6 particles by the paper of the chromatogram. The efh- 
ciency is estimated to be approximately 5 per cent. Accurate determina- 
tions of radioactivity were made by eluting and counting in a gas flow 
counter. 


Results 


The results from the two extracts were nearly identical. As can be seen 
from Table I, only one-half of the radioactivity was contained in the crude 
neutral fraction (benzene). Of this amount, in the one case measured, 
50 per cent was non-ketonic. 
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Gradient elution chromatography on alumina revealed three main peaks 
in both cases (Fig. 1). In addition there was a trace of more polar material 
in the extract from F. P. 

Paper chromatography showed (Fig. 2) Fraction I to be isoandrosterone ; 
(II), a mixture of testosterone, androsterone, and a trace of faster moving 
material; (III), a mixture of testosterone (?), etiocholanolone, and a trace 
of a compound with an FR, identical to that of androstanedione; and (IV), 
a mixture of two compounds. The R, values of the substances in the ini- 
tial run were uniformly less than those of the standards due to impurities in 
the extract, but became identical with the Re of the standards upon elution 
and chromatography of both the free compounds and their acetates in mix- 
ture chromatograms. Identified in this manner were testosterone, 1so- 


TABLE I 
Fractionation of Radioactivity in Extracts of Plasma 


Fraction Pooled extract Extract from F. P. 
| c. p.m. per cent total C.p.m. per cent total 

NaOH wash (ether extraet)........ 1,000 | 0.6 
Isoandrosterome................... | 500 1.3 | 11,000 6.7 


androsterone, androsterone, and etiocholanolone. Addition of carrier and 
recrystallization confirmed the identification for those compounds for which 
sufficient carrier was available to permit this test (Table IT). 

The two radioactive spots from Traction IV were eluted separately and 
treated with Girard’s Reagent T. The radioactive substance from the first 
spot (Ry 0.32) containing 3400 c.p.m. was non-ketonic while that from 
the second spot containing 800 ¢.p.m. was approximately 50 per cent 
ketonic. 


DISCUSSION 


From work with urinary steroids it is well established that testosterone 
is metabolized mainly to androsterone and etiocholanolone, least to etio- 
cholan-38-ol-17-one and, in intermediate amount, to isoandrosterone. It 
Is not surprising, therefore, to encounter three of the four possible isomers 
in the plasma. 
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Etiocholan-38-ol-17-one may well be present but unrecognized, due to 
the lack of a standard. For example, radioactivity with the mobility of 
testosterone was found to accompany etiocholanolone as well as andros- 
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Fic. 2. Paper chromatography of the fractions from F. P. of Fig. 1. Those sub- 
stances having counting rates greater than the maximum of the scale have flat tops. 
For Fractions I, II, and III the system Skellysolve C/85 per cent CH;OH was used, 
and for Fraction IV, benzene: Skellysolve C/CH,OH:H.O, 33:66 per 80:20, was 
used. Ia, isoandrosterone; Ila, testosterone; IIb, androsterone; IIIb, not identified 
but may be etiocholan-38-ol-17-one; IIIc, etiocholanolone; IIId, may be andro- 
stane-3,17-dione; IVa, not identified but may be etiocholane-3a,178-diol. 
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terone upon paper chromatography of peaks II and III. The materia] 
having the mobility of testosterone from both paper chromatograms was 
combined and chromatographed. Again a single peak with the mobility of 
testosterone was found. When the acetate was chromatographed, how- 
ever, two peaks of radioactivity were found. One, with an R, of 0.72, was 
identical with testosterone acetate. The second peak had an R, of 0.91. 
Since isoandrosterone acetate (Ry 0.90) has a greater mobility than an- 
drosterone acetate (R, 0.58), etiocholan-38-ol-17-one acetate would be ex- 
pected to have a greater mobility than etiocholanolone acetate (FR, 0.87), 

The identity of the two components of Fraction IV is unknown. The 
slower moving substance may be etiocholane-3a,178-diol, but we have no 
standard for comparison with it. The second spot is obviously a mixture 


TABLE II 
Recrystallization of Radioactive Substances with 10 to 20 Mg. of Added Carrier 
Duplicate values are given for each determination. 


| Specific activity, c.p.m. per mg. 


Compound Pooled extract Extract from F. P. 
Cc l- Cc l- Cc l- Cc 
Original | | Original | 
Isoandrosterone....... 28, 27 | 31, 33 | 18, 18* | 109, 104 | 103, 99 96, 97 
Androsterone.......... 46, 48 | 45, 46 | 47, 43 113, 116 | 120, 117 | 108, 115 
Testosterone...........| 15, 16 | 12, 12 | 12, 12 | 


* Continued recrystallization gave 20, 19; 26, 29 c.p.m. per mg. The excessive 
variability in this case was due to the method of plating, which was standardized 
thereafter for all other samples. 


and the low number of counts precludes further analysis. Fraction IV 
was not seen in the other chromatogram because it was subjected to Girard 
separation prior to column chromatography and because there was much 
less radioactivity. 

The isolation of etiocholanolone-C™ after the administration of radio- 
active testosterone indicates that the failure of previous workers to isolate 
endogenous etiocholanolone may have been due to low levels of this steroid 
resulting from rapid clearance from the plasma. This explanation is based 
on the fact that etiocholanolone is one of the major urinary 17-ketosteroids. 


SUMMARY 


C'-labeled isoandrosterone, etiocholanolone, and androsterone, as well 
as unmetabolized testosterone-C'", were identified in the plasma of subjects 
injected with testosterone-4-C'. In addition, there were five unidentified 
compounds, 
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We are indebted to Mrs. Lucille Zablotny for the recrystallizations and 
for the paper chromatography. 
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Group transfer reactions catalyzed by enzymes have assumed a position 
of intense interest in contemporary enzymology (1). Well known examples 
of radicals capable of being transferred in such reactions are methyl, gly- 
cosyl, acetyl, phosphoryl, peptidyl, nucleosidyl, and nucleotidyl], in addi- 
tion to the transport of hydrogen as seen with the familiar nucleotide co- 
enzymes. 

In this paper we wish to report experimental evidence which establishes 
the phenomenon of an efficient enzyme-catalyzed transfer of the glucurony] 
radical from a variety of donor substrates to a number of acceptor alcohols. 
This is accomplished by a soluble, stable, highly purified cell-free enzyme 
from liver which is in many respects indistinguishable from 8-glucuronidase. 
These data supplement and extend the observations first reported in 
1956 (2). 


Methods 


Analytical A pproach—The donor substrate, usually phenolphthalein glu- 
cosiduronic acid plus a suitable acceptor molecule, was incubated with the 
purified enzyme for 15 minutes in most of the experiments. The reaction 
was stopped and the aqueous phase was analyzed for the liberated donor 
aglycone (3). Unhydrolyzed donor substrate was removed by extraction 
with ethyl acetate and glucuronic acid and glucosiduronic acid were deter- 
mined (4). With the simple alcohols used in this study, conjugated prod- 
ucts were formed which were not extracted by ethyl acetate at acid pH, 
and therefore these products constituted the newly formed glucosiduronic 
acid component. The difference in micromoles between released glucu- 
ronyl (total unextracted glucuronic acid) and free glucuronic acid or be- 
tween liberated aglycone and free glucuronic acid represents the extent of 
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logical Chemists, Atlantic City, April 16-20, 1956 (Federation Proc., 15, 252 (1956)). 
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ciety, New York, and by a fellowship of the Corn Products Refining Company, Argo, 
Illinois. 
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glucuronyl transfer. This amount, divided by the number of micromoles 
of released glucurony! or aglycone, is defined as mole glucurony] transfer, 
Controls for these experiments were companion digests which lacked ac- 
ceptor and digests with acceptor containing boiled enzyme. 

Substrates—These were prepared biosynthetically, z.e. by feeding rabbits 
the aglycone and later isolating the corresponding glucosiduronic acid from 
the urine. The substrates included the glucosiduronic acids of phenol- 
phthalein (3), menthol (5), phenol (6), 2,4-dichloro-1-naphthol,' 8-hy- 
droxyquinoline (7,8), stilbestrol (9), p-hydroxybiphenyl (10), and p-chlo- 
rophenol (11). 

Buffers—Standard m/15 Soérensen phosphate buffer at pH 6.0 was em- 
ployed for most of the experiments, but for those at pH 4.5 0.1 Mm acetate 
buffer was used. Phosphate was not a requirement in itself. 

Acceptors—These were monohydric, dihydric, cyclic, and aromatic al- 
cohols of the highest purity available from commercial sources (Merck and 
Company, Inc., Olin Mathieson Chemical Corporation). Many experi- 
ments were performed with propylene glycol, specific gravity 1.038, ob- 
tained from the Hartman-Leddon Company, Inc., Philadelphia, Pennsy]- 
vania. 

Enzyme Preparations—These ranged from crude (12) to highly purified 
liver preparations (13, 14) in which the 6-glucuronidase activity per mg. of 
protein was taken as a criterion of purity. The bacterial 6-glucuronidase 
was obtained from the Mann Research Laboratories, Inc., New York, 
and the snail (Helix pomatia) digestive juice 6-glucuronidase was a gift 
from Dr. R. Dorfman. In all the experiments, except in those indicated 
in Table V, a standard liver enzyme preparation (5000 Fishman units per 
ml. (3), specific activity 5000) was diluted as required. 

Experimental Procedure—The composition of the enzyme digests is given 
in the legends to Tables II to VI and Figs. 1 to 3. After incubation, the 
digests were each treated as follows: The enzyme reaction was stopped by 
boiling the digest for 1 minute. Duplicate aliquots (1.0 ml.) were removed 
and the freed aglycone (phenolphthalein) was measured by the method of 
Fishman, Springer, and Brunetti (3). A 2 ml. aliquot was acidified with 
0.2 ml. of 6 N H2SO, solution and made up with water to 10 ml. in a 25 
ml. glass-stoppered graduated mixing cylinder. This mixture was then 
extracted with four successive 10 ml. portions of ethyl acetate. The ex- 
tracts contained unchanged substrate which was discarded. The cylinder 
was placed in a boiling water bath, and a clean current of air was passed 
over the surface to free the solution of ethyl acetate. 0.1 ml. of concen- 
trated sodium hydroxide solution (100 gm. plus 100 ml. of HO) was added 
and the mixture was restored to a volume of 10 ml. with water. Analyses 


' Fishman, W. H., unpublished data. 
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of total glucuronic (7') and glucosiduronic acids (@) were performed on 5 
ml. aliquots, exactly as described by Fishman and Green (4), from which 
the amount of free glucuronic acid was computed from the difference 
(T — G). 


EXPERIMENTAL 


Transfer Phenomenon—As seen from Iigs. 1 to 3 and from Tables II to 
VI, the incubation of liver enzyme in the presence of phenolphthalein glu- 
cosiduronic acid and an alcohol resulted in the release of more phenolphthal- 
ein than of free glucuronic acid. In addition, a new glucosiduroniec acid 
was formed which was not extracted from aqueous acid solution by ethyl 
acetate. The amount of this compound agreed reasonably well with that 
calculated from the molar difference of the products, phenolphthalein and 
glucuronic acid. ‘The control digests in every case were negative for glu- 
cosiduronic acid. From theoretical considerations, the new glucosiduronic 
acid would be expected to be an alcoholic glucosiduronie acid. 


Isolation and Identification of Alcoholic Glucosiduronic Acid 


Isolatteon—For this purpose, a large scale digest was prepared containing 
100 ml. of 0.01 m phenolphthalein glucosiduronic acid, 650 ml. of m/15 
phosphate buffer, pH 6.0, 150 ml. of propylene glycol, and 100 ml. of par- 
tially purified calf liver enzyme (specific B-glucuronidase activity = 5000 
units per mg. of protein). ‘This was divided into five flasks which were 
then incubated in a water bath for 2 hours at 37°. The digests were 
boiled for 1 minute, cooled, and centrifuged at 5000 r.p.m. for 15 minutes 
to remove most of the flocculated enzyme protein. The pooled superna- 
tant solutions were made acid with 18 N H2SO, (pH 1 to 2, Hydrion paper) 
and extracted four times with 500 ml. of ethyl acetate. Care was taken to 
collect completely all of the aqueous phase. This contained 92 mg. of 
glucosiduronie acid representing a mole glucuronyl transfer of 60 per 
cent. The ethyl acetate layer containing unhydrolyzed substrate and 
phenolphthalein was discarded. Solid barium hydroxide was then added 
to the pooled digest until the final pH was 9.0 (Hydrion paper). This was 
centrifuged and the precipitate of barium phosphate discarded. The alka- 
line aqueous solution was extracted once with 500 ml. of absolute ether 
which completely removed residual free phenolphthalein, as evidenced by 
the disappearance of the pink color from the aqueous phase. 

This solution (1 liter) was distilled in a rotating evaporating flask under 
reduced pressure (water aspirator) at 55° to remove most of the water. 
The propylene glycol was then removed by distillation at 80° under a high 
vacuum, leaving a light vellow viscous gum in the flask. This was ex- 
tracted repeatedly with small portions of hot absolute methanol (total 
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amount 50 ml.). The methanolic extract was centrifuged, yielding a clear 
supernatant fluid which contained 50.1 mg. of glucosiduronic acid. This 
was evaporated to dryness (Step I). 

In an experiment described elsewhere (2), an aliquot of this product 
underwent complete hydrolysis by 6-glucuronidase; this provided evidence 
for a 6-glucuronosidic linkage. 

The product resembled other aliphatic alcoholic glucosiduronic acids, 
since it was extracted from solution in saturated ammonium sulfate by 
ethyl alcohol (see also Kamil et al. (15)). 

Identification—The methyl] ester of the product was prepared and the 
alcoholic —OH groups were acetylated essentially according to Weissmann 
and Meyer (16) (Step II). Thus, the glucosiduronic acid (Step I) was 
dissolved in 30 ml. of dry methanol, 0.075 m with respect to HCl. 24 
hours later, the solvent was removed in vacuo and, to the chilled light brown 
syrup, 15 ml. each of pyridine and acetic anhydride were added. With 
evolution of heat, needle-like crystals appeared which were probably in- 
organic acetates which resulted from neutralization of contaminating ca- 
tions derived from the buffer and barium treatment of the original digest. 
It did not prove necessary to separate the crystals in order to isolate the 
product. The following morning, excess reagent was removed under a 
vacuum from the crystal-containing mixture, and the residue was poured 
into 100 ml. of cold, distilled water in a beaker set into an ice bath. This 
solution was extracted with chloroform and, as expected (15), this extract 
now contained the glucosiduronic acid derivative, which yielded a gum 
after removal of solvent. This gum was purified by treatment of its meth- 
anolic solution with charcoal. The mother liquors of all fractions were 
pooled and treated again according to Weissmann and Meyer and proc- 
essed as above to increase the yield of the desired material. The dry prod- 
uct weighed 106.5 mg., which represented a value close to the theoretical 
yield of derivative expected from the 50.1 mg. of glucosiduronic acid pres- 
ent in Step I. 

This derivative was an acetyl methyl] ester of propylene glycol 6-p-glu- 
cosiduronic acid, according to the analyses for propylene glycol and glu- 
curonic acid conducted on the acid-hydrolyzed derivative and on the 
derivative following its saponification and then hydrolysis by 8-glucuron- 
idase (Table I). The molar ratio of the products analyzed, propylene 
glycol and glucuronic acid, was close to 1. 

Donor Specificity—In Table II are listed the data obtained with a num- 
ber of different glucosiduronic acids serving as glucurony] donors in the 
transfer reaction. It may be seen that all of them function as donors, some 
more efficiently than others. 

In the major part of this research, the substrate phenolphthalein glu- 
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cosiduronic acid was employed because the released aglycone could be ac- 
curately and conveniently measured. The molar difference in the amounts 
of the products, phenolphthalein and glucuronic acid, provided the most 
reliable measure of the extent of glucuronyl transfer. 


TABLE I 
Hydrolysis of Alcoholic Glucosiduronic Acid* and Its Acetyl Methyl Ester 


| B Sulfuric acidt 


Experiment No. Components determined | Per cent | Per cent 
l l 
umole) umoles) 

1 Propylene glycol$ 0.61 100 
Glucuronic acid 0.53 87 

2 Propylene glycol§ 2.31 95 

Glucuronic acid|| 2.16 89 

Molar ratio of products. .................... 1.15 1.07 


* This product contained no free propylene glycol or glucuronic acid. 

t 1 ml. of an ethanolic solution of the acetyl] methyl] ester containing 10.6 mg. was 
saponified with 2 ml. of 2.6 Nn NaOH solution (5 seconds at 100°). From this mixture, 
a 0.1 ml. aliquot expected to contain 0.61 umole of product was taken. To this 
were added 2.6 ml. of 0.1 mM acetate buffer (pH 4.5) and 0.3 ml. of purified liver p- 
glucuronidase (1500 Fishman units). The digest was incubated for 66 hours and 
the reaction stopped by boiling. From the filtered digest, 1 ml. was taken for the 
analysis of glucuronic acid and 1 ml. for the determination of propylene glycol. 

t An aliquot (0.1 ml.) of the original ethanolic solution of the acetyl methyl ester 
(10.6 mg. per ml.) was diluted with 95 per cent ethanol to 10 ml. 2 ml. of this solu- 
tion, expected to contain 2.44 wmoles of produci, were acidified with 0.5 ml. of 9 m 
sulfuric acid solution and the solution was heated in a glass-stoppered boiling tube 
for 1 hour at 100°. After cooling, its propylene glycol content was determined. 

§ The propylene glycol was allowed to react with 1 ml. of 0.02 N periodic acid solu- 
tion for 10 minutes at 37° to yield formaldehyde, and the excess periodate was re- 
moved by the addition of 1 ml. of 0.55 M sodium sulfite. The liberated formaldehyde 
was determined by the method of MacFadyen (17). 

| It was more convenient to determine the glucuronic acid content of the deriva- 
tive directly by adding 0.5 ml. of its diluted ethanolic solution to the reagent mix- 
ture for the naphthoresorcinol reaction (4.5 n H.SQ,) and heating at 100° for 90 
minutes (4). 


In the case of other substrates whose aglycones were not readily deter- 
mined, the amount of ethyl acetate-unextractable glucosiduronic acid in 
the digest gave the lowest reliable estimate of glucurony] transfer. On 
this basis, all of the substrates tested (Table II) were highly efficient donors. 
Unhydrolyzed substrate did not contribute to the figure for new glucosidu- 
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ronic acid formed, inasmuch as companion digests without acceptor in- 
variably lacked this material after extraction with ethyl acetate. 
Examination of the substrates tested indicated a relative non-specificity 


with respect to the chemical constitution of the aglycone. 


These included 


a cyclic saturated alcohol, a variety of mono- and diphenols, a chloro-sub- 


TABLE II 
Donor Substrate Specificity 
Alcohol 
Total 

E - I . 1 - is 
No. tion activity olecuaa acid transfer 

formed* 
Fishman 

permi, | units | min. | per mi. | Per cent 

1 Stilbestrol 2.00 172 30 0.247 0.168 68 

2 | 2,4-Dichloro-1- 2.00 237 30 0.590 0.487 83 

naphthol 

3 | p-Chlorophenol 2.00 237 30 0.167 0.097 58 

4 Phenol 2.00 237 30 0.038 0.016 4] 

5 | Biphenyl 2.00 237 30 0.568 0.375 66 

6 Phenolphthalein 1.00 80 30 0.170 0.107 63 

7 | Menthol 11.00 175 30 0.337 0.261 78 

8 | 8-Hydroxyquinoline 1.05 600 60 1.040 0.650 63 


Incubation digests (3.0 ml.) contained 0.3 ml. of donor glucosiduronic acid solu- 
tion, 1.95 ml. of 0.066 m phosphate (pH 6.0), 0.45 ml. of propylene glycol, and 0.3 
ml. of liver enzyme. After the indicated incubation period at 38°, the reaction was 
stopped by boiling. The digests were treated as described in the text except that, 
in the case of the glucosiduronie acids of p-chlorophenol and phenol, an ethyl ace- 
tate-butanol mixture (2:1) was substituted for ethyl acetate, and, in the case of 
8-hydroxyquinoline glucosiduronic acid, the extraction step was omitted, since little 
unchanged substrate was present after incubation. The results are expressed as 
micromoles per ml. of digest. 

* Note that these are analytical figures for unextracted glucosiduronic acid and 
are not based on the molar differences of aglycone and free glucuronic acid. 


stituted phenol and naphthol, and a heterocyclic phenol (8-hydroxyquin- 
oline). These findings point to the oside linkage and perhaps the terminal 
carboxyl group as the areas in the glucosiduronic acid which are important 
in the attachment to and catalytic exchange at the active sites of the en- 
zyme protein surface. These considerations hold true also for the speci- 
ficity requirements of 8-glucuronidase (18). ) 
Acceptor Specificity—Nineteen different alcohols were tested for their 
ability to serve as glucuronic acid acceptors (Table III). In nine instances, 
it was necessary to employ less than the standard 15 per cent concentra- 
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in- tion because of limited solubility in water or interference in the naph- 
thoresorcinol color reaction for glucuronic acid. In these instances, there- 
ity fore, the conditions were less favorable for the transfer reaction. 
ed 
TaBLeE III 
Acceptor Specificity 
Alcohol glucosi- 
Ex- Com Activation Free duronic acid formed 
Alcohols hthalein inhibition glucuronic \curonyl 
No. ion iberated acid |transfer 
tracted | puted 
Mono 
1 Methyl 2.48 | 0.319 | 13 (+) 0.162 | 0.114 | 0.157 | 49 
2 Ethyl 1.78 | 0.278 3 (+) 0.194 | 0.057 | 0.0 30 
3 Propyl 2.00 | 0.070 | 45 (—) 0.039 | 0.019 | 0.031 | 44 
4 Butyl 0.55 | 0.137 9 (+) 0.077 | 0.033 | 0.060 | 44 
5 Amyl 0.09 | 0.096 | 24 (—) 0.069 | 0.015 | 0.027 | 28 
6 Isopropyl 2.00 | 0.104 | 17 (—) 0.093 | 0 0.011 
7 Isobutyl 0.55 | 0.133 6 (+) 0.123 | 0.022 | 0.032 | 24 
8 Isoamyl 0.09 | 0.162 | 29 (—) 0.142 | 0 0.020 | 13 
i) tert-Butyl 1.22 | 0.126 0 0.107 | 0 0.019 | 15 
10 tert-Amyl 0.46 | 0.130 3 (+) 0.090 | 0 0.040 | 30 
Glycols 
11 Ethylene 2.80 | 0.214 | 67 (+) 0.023 | 0.178 | 0.191 | 89 
12 Propylene 2.00 | 0.189 | 67 (+) 0.063 | 0.107 | 0.126 67 
13 Trimethylene 0.70 | 0.136 6 (+) 0.115 | 0.015 | 0.021 | 15 
14 1,3-Butanediol | 1.67 | 0.150 | 16 (+) 0.111 | 0.022 | 0.039 | 26 
15 | 2,3-Butanediol | 1.75 | 0.144 | 12 (+) 0.132 | 0.007 | 0.012 8 
16 Tetramethyl- 1.70 | 0.123 6 (—) 0.066 | 0.041 | 0.057 | 46 
ene 
Cyclic 
17 Cyclopentanol | 0.55 | 0.154 | 18 (+) 0.143 | 0 0.011 7 
18 Cyclohexanol 0.09 | 0.130 0.166 | 0 0.014} 11 
Aromatic 
19 Benzyl 0.48 | 0.103 | 16 (—) 0.065 | 0.033 | 0.038 | 37 


Incubation mixtures (5 ml. of total volume) contained 0.5 ml. of 0.01 m phenol- 
phthalein glucosiduronic acid, 0.5 ml. of standard liver enzyme (500 Fishman units), 
a volume of alcohol in the amount required to give the indicated final concentra- 
tions; the remaining volume consisted of 0.066 m phosphate buffer (pH 6.0). In- 
cubation time was for 30 minutes in all experiments except Experiments 1 and 2 
in which a 1 hour period was employed. 


It is of interest that all of the alcohols tested gave some evidence of ac- 
cepting glucuronyl on the basis of the molar difference between phenol- 
phthalein and glucuronic acid liberated. The absence of unextracted glu- 
cosiduronic acid in some experiments may be attributed to the possibility 
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that certain of the new alcohol glucosiduronic acids may have been ex- 
tracted. For the present we are inclined to be conservative in interpreting 


transfer of 10 per cent or less in the absence of evidence for unextracted 
glucosiduronic acid. 


TaBLE IV 
Donor-Acceptor Relationships 


Alcohol glucosiduronic | Per cent glucurony] 
r based on 


acid formed transfe 
Donor | Acceptor Ratio, Phenol- Free 
concentra- concentra-| acceptor hthalein | glucuronic 
tion tion to donor iberated acid 


Unextracted| Computed a. tracted 
p 


Experiment 1. Donor-phenolphthalein glucosiduronic acid 


umoles pmoles pmole pmole pmole pmole 
per ml. per ml. per ml. per ml. per mi. per ml. 
2 50 25.0 0.452 0.392 0.060 0.060 13 13 
2 10 5.0 0.440 0.378 0.039 0.062 14 9 
2 5 2.5 0.440 0.347 0.030 0.093 21 8 
Experiment 2. Donor-menthol glucosiduronic acid 
Total 
glucuronic 
acid 
11 50 4.5 0.244 0.026 11 
11 25 2.3 0.230 0.013 6 


In Experiment 1, the incubation mixtures (final volume 5 ml.) contained 0.5 ml. 
of 0.01 m phenolphthalein glucosiduronic acid, 0.1 to 0.5 ml. of suitably diluted pro- 
pylene glycol, 0.5 ml. of standard liver enzyme (700 Fishman units), and sufficient 
0.066 m phosphate buffer (pH 6.0) to complete the digests. Incubation time was 
forl hour. Aliquots of 2 ml. instead of 1 ml. were taken for determining more quan- 
titatively the unextracted glucosiduronic acid, and the total glucuronic acid was 
determined on a smaller aliquot (0.5 ml.). In Experiment 2, the incubation mix- 
tures (final volume 3 ml.) contained 0.3 ml. of 0.11 m menthol glucosiduronic acid, 
0.3 ml. of standard liver enzyme (420 Fishman units), 0.15 to 0.3 ml. of suitably di- 
luted propylene glycol solution, and sufficient 0.066 m phosphate buffer (pH 6.0) 
to complete the digests. Incubation time was for 30 minutes. 


All six glycols examined displayed an ability to serve as glucurony] ac- 
ceptors, the simple glycols (ethylene and propylene) being more efficient 
than the cyclic or the 2,3- and 1,3-butanediols. Benzyl alcohol was a good 
acceptor. 

Attempts to study the ability of phenols and terpene alcohols to serve 
as acceptors have been unsuccessful so far. This is due in part to the dif- 
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ficulty of attaining the desired concentration of these acceptors in water 
and to their inhibiting action on the enzyme. 

Donor-Acceptor Relationships—The effect of reducing the relative amount 
of acceptor to substrate concentration in the digest is illustrated in Table 
IV. 

In the enzyme reactions under study (Equation 3 in ‘‘Discussion’’), sub- 


‘strate, water, and acceptor alcohol are the reactants. It is of interest to 


evaluate the influence on the reaction rate of varying the concentration of 
these three, making certain first that sufficient substrate is present to satu- 
rate the enzyme surface. 

In the first place, it is clear (Table IV; Fig. 1) that detectable glucurony] 
transfer takes place at concentrations of acceptor alcohol much lower than 
the standard 2 molar concentration. It is expected that conditions may 
be found which will permit accurate study of transfer at even lower ac- 
ceptor to donor ratios, an event which would permit a more quantitative 
inquiry into the mechanism of glucuronyl transfer. It should be realized 
that the figures for the low unextracted glucosiduronic acid levels in these 
experiments (Table IV) are less accurate than the data obtained by molar 
difference. 

At very high alcohol concentrations (6.8 molar) (Fig. 1), there was in- 
hibition of both hydrolytic and transfer activity, and yet the mole glu- 
curonyl transfer was maximal (about 60 per cent), in spite of the fact that 
the system was 49 molar with respect to the reactant HO for the hy- 
drolytic reaction. 

It is noteworthy that with three different sets of conditions (Table II, 
Experiment 2; Table III, Experiment 11; Table V, Experiment 6) trans- 
glucuronylation was proceeding at approximately 5 to 8 times the rate of 
hydrolysis, yet 26 times as many water molecules as alcohol molecules were 
present (53 M H2O versus 2 M alcohol). 

Enhanced decomposition of the substrate in the presence of acceptor is 
not a requirement for glucurony] transfer as seen from Tables III and IV 
and the 6.8 molar value in Fig. 1. 

Effect of Source and Purity of B-Glucuronidase—In Table V is listed the 
extent of glucuronyl transfer with a number of liver preparations from 
three animal sources and with bacterial and snail digestive juice prepara- 
tions. Regardless of the source or the purity of the enzyme employed in 
these experiments, mole transfer in per cent was similar, except possibly the 
enzyme from Escherichia colt. 

It is clear that the enzyme catalyzing glucurony] transfer occurs in the 
liver of three animal species examined. When these were arranged in order 
of purity with respect to 6-glucuronidase activity (specific activity 235 to 
90,600), the extent of mole transfer was a more or less constant percentage 
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Fig. 1. Influence of concentration of acceptor alcohol on glucuronyl] transfer; 
incubation mixture (5 ml. final volume) contained 0.5 ml. of standard liver enzyme 
extract (500 Fishman units), 0.5 ml. of 0.01 m phenolphthalein glucosiduronic acid, 
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of the hydrolytic activity. The digestive juice of the edible snail H. 
pomatia is a rich source of 6-glucuronidase, and this preparation also trans- 
ferred glucuronyl to propylene glycol efficiently (71 per cent mole transfer). 


E. coli B-glucuronidase, a crude preparation, exhibited the same behavior 
as the snail and the liver enzyme extracts. It may be concluded that glu- 
curonyl transfer activity is closely associated with the presence of 8-glu- 
curonidase. 

Influence of pH—In Fig. 2 are illustrated data which show the variation 
with pH of phenolphthalein and glucuronic acid liberation as well as the 


TABLE V 
Glucuronyl Transfer Observed with Various 8-Glucuronidase Preparations 
| 
| Phenol- | Free 
ment'No. SPecies. adtivity | activity | Phthalein |glucuronic 
Computed 
units per | Fishman ! 
| gor | mole | | | per cn 
1 Mouse liver 235 60 0.123 | 0.048 | 0.074 | 0.075 61 
2 Lamb ‘* 670 50 0.144 | 0.058 | 0.096 | 0.087 60 
3 Beef ” 5,000 70 0.189 | 0.063 | 0.107 | 0.126 67 
4 Calf ” 50,500 80 0.145 | 0.043 | 0.077 | 0.102 70 
5 Snail 15,000 105 0.149 | 0.043 | 0.102 | 0.106 71 
6 | Bacteria 17 0.145 | 0.017 | 0.112 | 0.128 88 


Incubation mixtures (final volume 5 ml.) contained 0.5 ml. of 0.01 m phenolphthal- 
ein glucosiduronic acid, 0.75 ml. of propylene glycol, 3.25 ml. of 0.66 m phosphate 
buffer (pH 6.0), and 0.5 ml. of enzyme solution, the source and activity of which 
are indicated above. Incubation time was for 30 minutes except in the experiment 
with snail digestive juice, for which it was 15 minutes. 


extent of glucuronyl transfer in the absence and in the presence of pro- 
pylene glycol. 

The formation of glucosiduronic acid in the presence of acceptor and of 
hydrolytic products in the absence of acceptor is a function of pH, the 
optimal range occurring between 4.0 and 5.0. However, the ratio of glu- 


from 0.07 to 2.5 ml. of propylene glycol, and required amount of 0.1 M acetate buffer, 
pH 4.5. Incubation, 15 minutes. Glucosiduronic acid, hydrolytic products, and 
propylene glycol expressed in micromoles per ml. of digest. The control (horizontal 
dotted line) curve represents amount of products released in absence of acceptor 
alcohol. Concentration of propylene glycol, 0 to 6.8 mM. Ordinate: bottom section, 


with acceptor; middle section, glucosiduronic acid; top section, mole transfer. 
Ordinate on right, hydrolytic products. 


-o—0- Phenolphthalen 
-a—a- Gjucuronic acidfred 


-a—o- Phenoiohthalein 
Glucuronic acid 


40 50 60 QD 


PH SUBSTRATE ARATE 


Fig. 2. Glucurony! transfer as a function of pH, substrate, and saccharate concen- 
tration. For the pH experiment, the incubation mixtures (5 ml. final volume) con- 
tained 0.5 ml. of standard liver enzyme preparation (500 Fishman units), 0.5 ml. of 
0.01 Mm phenolphthalein glucosiduronic¢ acid, 0.75 ml. of propylene glycol, and 3.25 ml. 
of the desired buffer. For the pH range 3.0 to 5.0, 0.01 M acetate buffer was employed 
and for the range 5.5 to 6.5, 0.066 M Sérensen phosphate buffer. In the case of the sub- 
strate and saccharate experiments, the pH was 6.0; otherwise, these digests were identi- 
cal with those employed in the pH experiment. Incubation time was for 15 minutes. 
Data are expressed in terms of micromoles per ml. of digest. Ordinate: bottom sec- 
tion, no acceptor; middle section, with acceptor; top section, glucosiduronic acid. 
Ordinate on right, hydrolytic products. 
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Fic. 3. Glucurony] transfer as a function of temperature, time, and enzyme con- 
centration. Units of temperature are in centigrade degrees, of time, minutes, and of 
enzyme, Fishman units. ‘The incubation mixtures were as stated in the legend, Fig. 2. 
In the enzyme concentration experiment it was necessary to employ a shorter interval 
for enzyme-rich digests and a longer one for dilute enzyme solutions. Consequently, 
glucuronyl transfer and hydrolysis were expressed as micromoles per ml. of digest per 
hour of incubation. Ordinate: bottom section, no acceptor; middle section, with 
acceptor; top section, glucosiduronic acid. Ordinate on right, hydrolytic products. 
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curonyl transfer to glucurony! release shows a maximum at pH 6,0 (data 
derived from Fig. 2), although quantitatively less substrate decomposition 
takes place. For this reason, many experiments were performed in phos- 
phate buffer at pH 6.0. 

Substrate Concentration—The initial velocities of hydrolysis and transfer 
are similar (Fig. 2) at low substrate concentrations. However, the in- 


TABLE VI 
Effects of Heat Inactivation on Hydrolysis and Transfer 
| Alcohel ghecosidurenic 
Inhibit . 
| Phenol- Glucurony] 
Experiment No. glucuronic acid; | 

Transfert Unextracted Computed | 

per cent per cent | pmole per ml. | wmole per mil. per cent 
1 0.247 0.081 0.151 0.166 67 
17 0.181 0.043 0.125 | 0.138 76 
3 | 69 57 0.094 0.021 0.054 | 0.073 78 


The incubation mixtures (5 ml. final volume) contained 0.5 ml. of 0.015 mM phenol- 
phthalein glucosiduronic acid solution, 0.75 ml. of propylene glycol, 3.25 ml. of 0.066 
M phosphate buffer (pH 6.0), and 0.5 ml. of enzyme as now described. In Experi- 
ment 1, the standard liver enzyme preparation (400 Fishman units) was employed. 
In Experiment 2, an aliquot of this preparation was heated at 65° for 60 seconds. 
In Experiment 3, another aliquot of enzyme was heated at 65° for 90 seconds. In- 
cubation time was for 30 minutes. From the data obtained with identical digests 
lacking the acceptor alcohol, the per cent heat inactivation of 8-glucuronidase (based 
on phenolphthalein release) was computed (second column). 

* In the absence of an acceptor. 

tT 0.166 pmole of alcoho! glucosiduronic acid was taken as the reference value. 


hibition seen at higher concentrations of substrate in the reaction without 
acceptor is absent in the system containing propylene glycol. 

The Michaelis constant was computed for both systems, yielding the 
figures 0.00035 and 0.00074 molar, respectively, in the absence and in the 
presence of propylene glycol at pH 6.0. This signified that more substrate 
was required to saturate the enzyme for the transfer, compared to that 
required for the hydrolytic reaction. A systematic study of substrate- 
activity relationships extended to a variety of donor substrates is being 
reserved for a later report. The inhibition at high substrate concentra- 
tions, a typical finding with 6-glucuronidase, was observed only in the case 
of the hydrolytic reaction and has been attributed to formation of ES, 
(inactive) (19). It would appear that the alcohol acceptor may in some 
way interfere with the formation of an inactive enzyme-polysubstrate com- 
plex. Another possible explanation is that, under these conditions, some 
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of the released aglycone acts as a glucurony] acceptor to resynthesize the 
original substrate; the inhibition in this case would be apparent and not 
real. 

Saccharate Inhibition—Saccharate, a potent inhibitor of hydrolytic reac- 
tions catalyzed by 8-glucuronidase (20), is also an efficient inhibitor of glu- 
cosiduronic acid synthesis in the transfer reaction (Fig. 2). In fact, the 
reaction appears to be more sensitive to saccharate than the hydrolytic 
reaction. 

The mechanism of the more efficient inhibition by saccharate of glu- 
curonyl transfer as compared to hydrolysis is at present unexplained. 

Effect of Temperature—With increasing temperature (from 20-50°), the 
changes in the rate of hydrolysis and of transfer were approximately the 
same (Fig. 3). 

Influence of Time of Reaction—From Fig. 3 it may be seen that the veloc- 
ity rates for both hydrolysis and transfer bore a linear function to time and 
that the slopes of the two curves were similar. 

Enzyme Concentration—Hydrolysis and transfer reactions were both 
linear functions of enzyme concentration (Fig. 3). 

Effect of Heat Inactivatton—Purified liver preparations were inactivated 
partially by heat. A comparison of the reduction of hydrolytic and trans- 
fer activities of these heat-inactivated enzyme solutions is shown in Table 
VI. There was no disproportionate inactivation of one activity with re- 
spect to the other. 


DISCUSSION 


If a typical glucosiduronic acid is designated RGA, the aglycone XOH, 
and the glucuronic acid as GA, the following equations represent the reac- 
tions investigated in this study: 


Hydrolysis RGA + HOH — ROH + GA (1) 
Transfer RGA + XOH — ROH + XGA (2) 


In the actual test system, both reactions take place. 


RGA + HOH + XOH — ROH + GA + XGA (3) 


We have not been able to demonstrate the reverse reaction for Equations 
1, 2, and 3 under the experimental conditions employed. 

In the hydrolytic reaction, equimolar amounts of the products appear 
((4); also, this paper). In the presence of a suitable acceptor molecule, 
XQOH, one should expect to find more of the aglycone than of free glucuronic 
acid, and the ‘‘missing”’ glucuronic acid should appear in the new glu- 
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cosiduronic acid. This prediction, which has been amply demonstrated to 
be correct by the experimental data, is now discussed. 

Experimental Evidence for Glucuronyl Transfer—In the presence of a 
suitable glucuronyl acceptor, it was noted that equimolar liberation of the 
products from the substrate did not occur; 7.e., fewer micromoles of glu- 
curonic acid than of the aglycone (phenolphthalein) appeared. <A new 
glucosiduronic acid was formed which differed from the donor substrate in 
that it was not extractable from acid solution by ethyl acetate (Table I; 
Fig. 1). The amount of this product agreed closely with the molar differ- 
ence between released phenolphthalein and free glucuronic acid. In the 
case of the system containing propylene glycol, the product has been iso- 
lated and the acetyl methyl ester was prepared. It was found to contain 
equimolar and close to theoretical amounts of the alcohol and glucuronic 
acid. The product was completely hydrolyzable by B-glucuronidase ((2); 
Table I), proving it to be a 8-glucosiduronic acid of propylene glycol. 

Identity of Enzyme Catalyzing Glucuronyl Transfer—Two possibilities are 
clear; the enzyme may be #-glucuronidase or another protein which occurs 
in close association with this particular enzyme. 

Absolute proof that the transfer enzyme is 8-glucuronidase would re- 
quire the use of pure 6-glucuronidase protein (which has not yet been pre- 
pared) and the demonstration of its ability to catalyze glucurony] transfer. 

On the other hand, a great many points of circumstantial experimental 
evidence support the view that glucurony] transfer in these experiments 
was catalyzed by 8-glucuronidase. These are (1) the correlation of transfer 
with hydrolytic activity found in preparations of enzyme ranging from 
crude to high purity in mammalian liver and in invertebrate and bacterial 
sources; (2) the similarity in the heat lability of hydrolytic and transferase 
activities; (3) parallel effects of pH, substrate concentration, temperature, 
time, enzyme concentration, and of saccharate on both activities; and (4) 
the similar substrate specificity requirements. 

The considerations in favor of regarding glucurony] transfer as the prop- 
erty of an enzyme different from @-glucuronidase are as follows: (1) the 
efficiency of transfer is of a higher order than that observed for other so 
called hydrolytic enzymes capable of catalyzing group transfer; (2) quanti- 
tative differences in the effects of substrate concentration and saccharate 
inhibition; (3) the ability of transfer to take place at relatively low concen- 
trations of acceptor. The last has been suggested as a criterion for dif- 
ferentiating enzymes which are essentially group-transferring ones from 
those which are mainly hydrolytic (21). If this glucurony] transferring 
enzyme is distinct from 6-glucuronidase, its name would be ‘‘é-glucuronyl- 
ase”’ in conformity with current terminology. 

Implications—Although it is tempting to extrapolate from these experi- 
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mental data to mechanisms of glucosiduronic acid synthesis in vivo, it would 
seem wiser to restrict discussion to the system glucosiduronic acid + ac- 


ceptor alcohol alcohol glucosiduronic acid. 

It is now well established that alcohols in general are converted by the 
body in varying degrees to the corresponding glucosiduronic acids (15). 
No evidence of sulfate ester formation of these alcohols has been found. 

In order to establish the relevancy of this glucurony] transferring mech- 
anism 7n vitro to the formation of alcoholic glucosiduronic acids in the body, 
it is necessary to identify the native endogenous glucurony] donors in the 
liver. Following this demonstration, it would be necessary to show that 
the enzyme is capable of transferring glucuronyl from this donor to an ac- 
ceptor alcohol. 

Until this phenomenon has been investigated as proposed, it would seem 
unnecessary to draw inferences or conclusions in relation to other systems 
claimed to effect glucuronyl transfer (22, 23, 24). 


SUMMARY 


1. In the presence of alcohols, cell-free, soluble, purified preparations of 
liver glucuronidase catalyze the transfer of glucuronyl from a glucosidu- 
ronic acid to an alcohol. This phenomenon is manifested by an increased 
release of the aglycone, a reduced liberation of glucuronic acid, and by the 
appearance in the digest of a new glucosiduronic acid which is not ex- 
tracted with ethyl acetate. 

2. In the case of the acceptor alcohol, propylene glycol, the expected 
product, propylene glycol glucosiduronic acid, was isolated and its acetyl 
methyl ester prepared. It contained equimolar amounts of propylene gly- 
col and glucuronic acid. This product was completely hydrolyzable by 
§-glucuronidase, proving it to be propylene glycol 6-glucosiduronic acid. 

3. Eight different biosynthetic glucosiduronic acids served as efficient 
glucuronyl donors, the specificity requirements being identical to those of 
8-glucuronidase. 

4. Nineteen alcohols were capable of acting as glucurony] acceptors. 

5. Under optimal conditions, the extent of glucurony] transfer was strik- 
ing, accounting for up to 90 per cent of the released glucurony]l. 

6. Even at low acceptor alcohol concentrations (0.01 molar), glucurony] 
transfer has been detected, a feature not seen in the case of the transfer 
activity of so called hydrolytic enzymes. 

7. The influence of pH, time, temperature, concentrations of donor 
glucosiduronic acid, enzyme, acceptor alcohol, and saccharate has been 
studied. As a rule, the effects on hydrolysis (in the absence of acceptor) 
and on transfer were similar. 
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8. A number of enzyme preparations from liver, snail digestive juice, 
and Escherichia coli catalyzed glucurony] transfer, usually in proportion 
to their 6-glucuronidase activity. 

9. Partial heat inactivation of liver 6-glucuronidase was accompanied by 
a proportionate reduction of both glucurony] transfer and hydrolysis. 

10. The facts in favor of and opposed to considering the transfer en- 
zyme as 6-glucuronidase are discussed. 


The authors wish to express their gratitude to Dr. H.-G. Sie for her help 
in preparing the acetyl methyl ester of the alcoholic glucosiduronic acid. 
The technical assistance of Miss Claire Anstiss is gratefully acknowledged. 
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GLUCURONYLATION OF STEROIDS BY SURVIVING LIVER* 
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Of late, in studies of glucuronic acid conjugation, increasing attention is 
being given to the investigation of naturally occurring glucosiduronic acids. 
That this group of metabolites represents the products of a physiological 
rather than a pharmacological process is becoming more widely accepted 
in view of the number and variety of biologically and biochemically im- 
portant substances now known to exist in the form of glucosiduronic acids. 
These include uridine nucleotides (1-3), thyroxine (4), thyronine (5), 
estriol (6), epinephrine (7) and norepinephrine (8), bilirubin (9), amino 
acids (10), corticosteroids (11), and testosterone (12). 

Testosterone glucosiduronic acid has been obtained biosynthetically only 
in vitro, by the use of fresh liver slices (12). Except possibly in bile (13), no 
sign of this material has been detected elsewhere. On the other hand, the 
known major metabolites of testosterone are a number of 17-ketosteroids. 
It is probable, therefore, that the conjugation of testosterone with glu- 
curonic acid is one of the first and perhaps evanescent steps in its metabo- 
lism. The question naturally arises as to whether glucuronic acid conju- 
gation in the liver is a mechanism shared by steroids in general. The 
present paper includes experimental data which do provide an affirmative 
answer to this question. In addition, experiments are reported which 
throw light on the factors controlling the rate of formation of testosterone 
glucosiduronic acid. 


Methods 


Test experiments were each carried out in quadruplicate with slices cut 
free-hand from fresh rat liver essentially as described previously (12). 
The slices were suspended in 5.8 ml. of Krebs-Ringer bicarbonate buffer 
and 1.7 umoles of steroid dissolved in 0.2 ml. of propylene glycol. Con- 
trol flasks lacked steroid. After 2 hours in a Dubnoff shaking incubator 
at 38°, the control flasks received the same amount of steroid in propylene 


* Aided by grants-in-aid from the Committee on Growth, American Cancer Society, 
New York, and from the Massachusetts Division of the American Cancer Society. 
Some of this material was reported at the annual meeting of the American Association 
for Cancer Research, Atlantic City, April, 1956 (Proc. Am. Assn. Cancer Res., 2, 147 
(1956)). 
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glycol, and then both test and control digests were deproteinized with 
Zn(OH)2 immediately. Unchanged steroid (U;~) was extracted from the 
protein-free filtrate at pH 7.5 with benzene, and the steroid glucosiduronic 
acid was extracted from acid solution with ethyl acetate. An aqueous 
solution of this material was then prepared and subjected to exhaustive 
hydrolysis by 8-glucuronidase. Both the unchanged and the enzyme- 
hydrolyzed steroid were each extracted from the mixture with benzene and 
determined spectrophotometrically as the thiosemicarbazone (12, 14), 
Liberated glucuronic acid was measured in the aqueous phase by the 
method of Fishman and Green (15). The steroid reaction depends upon 
the integrity of the 3-keto a,8 unsaturation in ring A of the steroid. 

Control experiments consisted of adding the same amount of steroid as 
in the test experiments after the incubation period. These digests were 
processed as above and no steroid glucosiduronic acid was found. Steroid 
was recovered in the first benzene extract and was determined as unchanged 
steroid (U,). 

Materials—All of the pure steroids used in this study were generously 
provided by The Upjohn Company, Kalamazoo, Michigan. Glucuronic 
acid and its lactone were pure preparations, a gift of the Corn Products 
Refining Company, Argo, Illinois. The 6-glucuronidase preparations were 
standard purified products with a potency of 5000 Fishman units (16) per 
ml. and a specific activity of 5000 units per mg. of protein (beef liver 
8-glucuronidase Ketodase, Warner-Chilcott Laboratories). 


EXPERIMENTAL 


Additional Factors Which Influence Rate of Testosterone Glucosiduronic 
Acid Formation in Vitro—Earlier work (12) has shown that the rate of 
testosterone glucosiduronic acid formation was a function of the amounts 
of testosterone and of liver, the concentration of hydrogen ions and com- 
position of the buffer, and of time. A number of other factors affecting the 
rate of synthesis are described below. 

Effect of Added Sugar Acids—As shown in Table I, testosterone glu- 
cosiduronic acid formation was inhibited by potassium glucuronate, glu- 
curonolactone, and potassium acid saccharate. The profound inhibition 
by saccharate was almost equaled by that produced by inorganic sulfate. 
The possibility that sulfate esters of testosterone and its metabolites were 
being produced could explain the effect of sulfate. However, an exhaustive 
search for such conjugates proved unsuccessful. Whereas glucuronolac- 
tone and saccharate were known to be inhibitors of the formation of glu- 
cosiduronic acids of m-aminophenol (17) and borneol,! glucuronate was 
previously regarded as inert in such systems. 


1 Sie, H.-G., and Fishman, W. H., unpublished work. 
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Choice of Steroid Solvent—lt is to be noted (Table II) that glucosiduronie 
acid formation was greatest in the experiments in which propylene glycol 
was the steroid solvent. With this, the highest conjugation rate of the 
testosterone was observed. 


TABLE I 


Some Factors Which Influence Rate of Testosterone 
Conjugation by Surviving Rat Liver Slices 


Rate of testosterone 
Metabolites added jconjugation, wmoles per gm. 
; per hr. based on yield of 
Per cent 
No. Potassium | Glucurono- Potassium oe 
0.02 M 
1 - 1.48 1.25 
+ ~ 0.64 0.70 51.2 
+ 0.12 0.06 93.4 
2 - 1.55 1.63 
om ~ 0.93 0.90 42.6 
- | - - + 0.39 0.33 83.4 
TABLE II 
Effect of Solvent on Rate of Testosterone Conjugation 
by Surviving Liver Slices 
eabvent Formation of acid based on 
Experi- |——— 
Glucuronic acid Testosterone 
Propyiere | Dioxane | C:HsOH 
Per cent* Ratet Per cent Rate 
l 4 17.2 3.67 13.9 3.22 
+ 5.7 0.54 3.9 0.40 
| + 7.6 0.76 5.9 0.67 
14.4 3.07 13.0 3.01 
| 6.0 om: |} 0.30 
| + | 7.8 0.78 | 6.3 0.73 


* Per cent of testosterone which in 2 hours is conjugated with glucuronic acid. 
t Micromoles per gm. per hour. 


Krebs-Ringer versus High K+ Medium—lInasmuch as glycogen is the 
ultimate source of glucuronic acid, it seemed desirable to explore the effect 
of a medium known to favor glycogen synthesis on the rate of formation 
of testosterone glucosiduronic acid. Replacing the Krebs-Ringer medium 
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with glycogenesis medium (18) increased the rate of conjugation of testos. 
terone 37 per cent. 

Replenishment of Substrate—Assuming that the rapid metabolism of tes- 
tosterone by surviving liver might have resulted in its depletion for pur. 
poses of conjugation, a second charge of 1.712 uwmoles of testosterone was 
added to experimental digests after 1.5 hours of incubation. No enhance- 
ment in the rate of synthesis was observed after a second period of incu- 
bation of 1.5 hours. 

Effect of Storing Liver Slices—Slices of fresh liver were examined for their 
ability to form testosterone glucosiduronic acid immediately and at 1 and 
2 hours after they were preserved in the moist state at +1°. After being 
aged for 1 hour in the cold, no loss of synthesizing activity was observed, 
and, after 2 hours, 60 per cent of the original potency for synthesis was stil] 
present. 

Rates of Steroid Glucosiduronic Acid Formation (Table I1I)—One fresh 
rat liver provided the material for each experiment. Incubation mixtures 
were arranged in a series of six flasks, each set serving for the study of 10.3 
umoles of steroid. The rate of glucosiduronic acid formation could be 
measured for three to four steroids at a time, depending on the amount of 
the single liver. Testosterone was always included with each run, and the 
rate of conjugation of the other steroids tested was expressed as a per- 
centage of the rate of testosterone glucosiduronic acid formation. 

The amount of steroid which underwent reduction in ring A (Ra) was 
computed from the difference in analytical values for unchanged steroid in 
control and test experiments, z7.e. U, minus U;. U,. values do not appear 
in Table IIT. 

As seen from Table III, ten such experiments were completed, those 
bearing the same number (e.g. Experiments 2, 2b, 2c) having been carried 
out simultaneously. 

With regard to testosterone itself, the data permit the following state- 
ment. Of the 10.3 uwmoles incubated with rat liver slices (0.12 to 0.2 gm. 
wet weight), 0.79 umole was converted to the glucosiduronic acid and 5.18 
umoles underwent alteration of the 3-keto-A‘ linkage. The remainder was 
unmetabolized. The extent of testosterone conjugated as compared to 
that metabolized was therefore (0.79/5.18) XK 100 = 15.2 per cent in the 
2 hour period of incubation. 1 gm. of surviving rat liver was calculated 
to possess the capacity of conjugating testosterone with glucuronic acid at 
the rate of approximately 2.5 ymoles per hour in vitro. Under the condi- 
tions of these experiments, almost all of the glucosiduronic acid formed was 
that of testosterone (sixth and seventh columns of Table III). 

Reduction of Ring A of Steroid—In evaluating the extent of reduction of 
ring A of steroids other than testosterone, significance can be given only 
to those which were extracted from water by benzene as efficiently as was 
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TaBLeE III 
Steroid Glucosiduronic Acid Formation by Rat Liver 
“ | Steroid gluco- 
| Extent | siduronic acid 
Steroid liver — Rate 
Ra | ronie | terone 
pmoles 
gm pmoles | pmoles | wmoles | umoles | per gm. 
2hrs. 
l Testosterone 0.1486 | 4.06 | 5.09 | 0.64 | 0.58 | 4.28 
2 0.2000 | 3.35 | 6.40 | 0.54 | 0.53 | 2.70 
3 0.1721 | 2.96 | 6.09 | 1.14 | 1.25 | 7.04 
4 0.1776 | 4.42 | 4.28 | 0.70 | 0.72 | 3.96 
5 0.1780 | 3.98 | 5.02 | 0.85 | 0.78 | 4.76 
ie 0.1442 | 5.45 | 3.55 | 0.41 | 0.36 | 2.82 
3 0.1770 | 3.71 | 5.84 | 1.02 | 0.95 | 5.79 
8 | 0.1437 | 4.22 | 5.78 | 1.10 | 1.10 | 7.68 
i) 0.1560 | 5.10 | 4.60 | 0.66 | 0.55 | 4.32 
10 0.1277 0.83 | 0.77 | 6.52 
4.13 | 5.18 | 0.79 | 0.76 | 4.98 
lb | Epitestosterone 0.1579 | 2.92 | 5.93 | 0.14 | 0.16 | 0.45 
le | 17-Methyltestosterone 0.1591 | 4.55 | 4.49 | 0.27 | 0.13 | 0.82 
2b | Adrenosterone 0.1739 | 4.25 | 5.80 | 0.18 | 0.14 | 1.02 
2c | 118-Hydroxy-A‘-androstene- 0.1682 | 5.54 | 4.43 | 0.09 | 0.08 | 0.51 
3,17-dione 
3b | Androstan-36-ol-17-one 0.1700 0.04 0.24 
3c | 9,11-Dehydrotestosterone 0.1739 | 4.58 | 4.38 | 0.87 | 0.77 | 4.90 
4b | 68-Hydroxytestosterone 0.1775 | 2.18 | 3.75 | 0.07 | 0.00 | 0.40 
4c | 19-Nortestosterone 0.1903 | 2.60 | 5.97 | 0.72 | 0.53 | 3.56 
5b | lla-Hydroxytestosterone 0.1752 | 2.76 | 1.38 | 0.04 | 0.03 | 0.24 
6b | 118-Hydroxytestosterone 0.1537 | 3.80 | 3.05 | 0.14 | 0.07 | 0.92 
6c | 11-Ketotestosterone 0.1545 | 5.09 | 3.96 | 0.20 | 0.12 | 1.30 
7b | 14a-Hydroxytestosterone 0.1584 | 2.09 | 5.05 | 0.45 | 0.40 | 2.86 
7c | A5-Androstene-3£6,17B-diol 0.1788 0.43 T 2.39 
8b | A5-Androsten-36-ol-17-one 0.1409 0.35 Tt 2.48 
8c | 118-Hydroxytestosterone-17- 0.1392 | 1.84 | 7.86 | 0.36 | 0.12 | 2.62 
propionate 
8d | Testosterone 8-cyclopentylpro- | 0.1532 | 3.71 0.55 | 0.65 | 4.32 
pionate 
Se | Testosterone diethyl acetate 0.1365 0.21 | 0.09 | 1.50 
9b | Testosterone-8-bromopropio- 0.1697 | 2.92 | 4.47 | 0.67 | 0.54 | 4.02 
nate 
10b | Methyl-A5-androstenediol 0.1516 0.05 0.35 
10c | Cortisone 0.1352 0.06 0.43 
| 10d | Hydrocortisone 0.1284 0.01 0.06 
| 10e | Tetrahydrocortisone 0.1377 0.24 1.74 


* Steroid glucosiduronic acid figures based on glucuronic acid data were taken for 
the computation of rate. 
+ A slight reading is given by A® steroids subjected to the Bush reaction. 


457 


20 


458 GLUCURONYLATION OF STEROIDS 


testosterone (sum of the fourth and fifth columns). By this criterion, two 
steroids (19-nortestosterone and 118-hydroxytestosterone-17-propionate) 
were reduced in ring A to a greater extent than testosterone during the ex. 
periment. 

As a rule, most of the ethyl acetate-extractable glucosiduronic acid was 
accounted for by steroid with ring A intact. However, the steroids ex- 
amined in Experiments Ic, 6b, 6c, 8c, and 8e appeared to have undergone 


GLUCOSIDURONIC ACID SYNTHESIS 
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8 OL | TESTOSTERONE | TESTOSTERONE 
2 2 19-NOR- 2 ADRENOSTERONE 
5] «17a METHYL- 
5 EPI- 4 ANDROSTANE-3 9-0L47-ONE 
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Fia. 1. Glucosiduronic acid formation of steroids compared to testosterone 


a degree of change in ring A, as indicated by the discrepancies between the 
figures for glucuronic acid and steroid. 

Formation of Other Steroid Glucosiduronic Acids As Compared to Tes- 
tosterone Glucosiduronic Acid—Each of the twenty-two steroids studied 
showed evidence of glucosiduronic acid formation in varying degrees. 
None was more efficiently conjugated than testosterone. In general, al- 
teration of the structure of testosterone is accompanied by a decreased rate 
of steroid glucosiduronic acid formation by liver slices. 

Thus, as seen in Fig. 1, minor changes in structure such as the absence of 
the C-19 angular methyl group (19-nortestosterone), the introduction of a 
double bond at position 9,11 (9,11-dehydrotestosterone) are sufficient to 
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affect the rate of glucosiduronic acid formation. It is clear that interfer- 
ence in the groupings at position 17, as in 17a-methyltestosterone and epi- 
testosterone, results in even more profound reductions in rate. 

A comparative study of three ketosteroids with testosterone is also il- 
lustrated in Fig. 1. Adrenosterone, 118-hydroxy-4-androstene-3 , 17-dione, 
and androstan-36-ol-17-one all showed a reduced rate of glucosiduronic 
acid formation. 


GLUCOSIDURONIC ACID SYNTHESIS 


(OOF 
2 
90 TESTOSTERONE | TESTOSTERONE 
|!4-a-HYDROXY- ESTER 
I-KETO- 2 -B-BROMOPROPIONATE 
4 |!-B-HYDROXY- - B-CYCLOPENTYLPROPIONATE 
g 6 |l-a-HYDROXY- 
E 5 -DIETHYLACETATE 
3 
20+ 
: 


Fic. 2. Glucosiduronic acid formation of steroids compared to testosterone 


A more detailed study of the effect of introducing additional oxygen 
atoms into the steroid nucleus (Fig. 2) shows a reduced rate of synthesis 
in this series. In the 11l-oxytestosterones (Compounds 3, 4, and 6), the 
11-keto ranks higher than the 118 and particularly the 1la compounds. 
The orientation (whether @ or 8) of the additional hydroxyl groups does 
not seem to be the important factor. Thus, 14a-hydroxytestosterone is 
conjugated more efficiently than the corresponding lla compound and 
118 more so than the lla compound. 

With the possible exception of the bromopropionate, the esters of testos- 
terone showed a reduced rate of glucosiduronie acid formation. The con- 
jugation of testosterone esters with glucuronic acid doubtless takes place 
following the removal of the existing ester groupings (Fig. 2). 
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Glucosiduronic Acid Formation of Miscellaneous Hydroxylated Compounds 
—Fig. 3 indicates that the terpene alcohol, borneol, was the only compound 


240 
| TESTOSTERONE 
DO 2 BORNEOL 
3 MENTHOL 
IGOK 4 ESTRADIOL 3,16-f 
5 PHENOLPHTHALEIN 
6 STILBESTROL 
I2O 
3 
8O 
40 a 


Fic. 3. Glucosiduronic acid formation of miscellaneous hydroxylated compounds 
compared to testosterone. The ordinate represents, in per cent, glucosiduronic acid, 
compared to testosterone. 


which was conjugated more efficiently than testosterone, whereas the others 
showed a reduced rate of conjugation. 
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DISCUSSION 


Validity of Analytical Procedure—There is formed in the experimental 
digests, but not in the controls, a glucosiduronic acid which is extractable 
from acid solution by ethyl acetate. This is determined either directly by 
a specific method for glucosiduronie acid (15) or by measuring steroid and 
glucuronic acid released from it by hydrolysis with 6-glucuronidase (12). 
The steroid determined retains the 3-keto-,a@,@-unsaturated linkage which 
endows the thiosemicarbazide derivative with an absorption maximum at 
300 mu. Measurements of optical density at this wave length are there- 
fore due to steroids with the linkage referred to above. Under some con- 
ditions (Table III, this paper; Fig. 7 (12)), the amount of such steroid 
material is in close agreement with the figures for hydrolyzable glucuronic 
acid. In other situations (Figs. 1, 3, 5 (12)), its amount is less than that 
expected from the glucuronic acid data. The explanation for this undoubt- 
edlv is the rapid reduction which the 3-keto-A* linkage of testosterone 
undergoes (19, 20). The difference in the amount of testosterone found 
in the benzene extract prepared from the alkaline protein-free digest and 
that extracted from the control flasks provides some indication of the ex- 
tent of this route of metabolism (Table III). 

The ethyl acetate-extractable glucosiduronic acid which lacks the char- 
acteristics of ring A in testosterone may be that of 178-hydroxyandrostan- 
3-one, Which has recently been identified as a liver metabolite of testoster- 
one (21). The importance is stressed of determining both moieties of the 
glucosiduronic acid, aglycone and glucuronic acid. 

lor the reasons stated, the figures for B-glucuronidase-hydrolyzable glu- 
curonic acid rather than steroid present in the ethyl acetate extract have 
been the basis for computing the extent in per cent of steroid glucosiduronic: 
acid formation as compared to testosterone (ligs. 1, 2, and 3). 

Nature of Enzyme Mechanisms Concerned with Formation of Steroid Glu- 
cosiduronic Acids—Our present information indicates that two enzyme 
svstems may conceivably catalyze the synthesis of glucosiduronic acids, 
one in which a uridine nucleotide glucuronic acid compound (1-3) and the 
other in which well known glucosiduronie acids serve as glucuronyl donors 
22,23). In the first instance, the catalyst appears to be a transfer enzyme 
(A) requiring uridine diphosphoglucuronic acid (UDPGA) present in liver 
microsomes and, in the other, the enzyme (B) whose activity has been 
found in association with B-glucuronidase. From the available informa- 
tion, it is known that enzyme A and UDPGA are both very unstable, and 
that enzyme A is not inhibited by saccharate and glucuronate and is only 
slightly affected by glucuronolactone (1). On the other hand, transfer en- 
zyme B is inhibited by saccharate and glucuronate, but not glucuronolac- 
tone or sulfate. On storage of the fresh liver slices, the synthetic mecha- 
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nism is not affected. The present findings therefore do not support either 
one of the proposed mechanisms exclusively, but they do establish facts 
which must be taken into account in future work designed to explain 
mechanism. 

Steroid Glucosiduronic Acid Formation—The present findings clearly in- 
dicate that surviving liver slices are capable of synthesizing glucosiduronic 
acids of a variety of steroids. This fact in itself is not surprising, since 
many glucosiduronic acids of both biologically active and inactive steroids 
have been isolated from urine. What are thought-provoking, however, 
are the possibility that a portion of a given steroid hormone undergoes con- 
jugation before it is utilized and the implications that this process may 
have for steroid transport and utilization (12, 24, 25). 


SUMMARY 


Factors which affect the synthesis of testosterone glucosiduronic acid by 
surviving rat liver slices were studied. Under the present conditions, the 
capacity of liver to perform this synthesis was close to 2.5 umoles per 
hour per gm. which accounted for 15 per cent of the testosterone under- 
going metabolism. Inhibition was observed in the presence of potassium 
glucuronate, glucuronolactone, potassium acid saccharate, and inorganic 
sulfate. 

Some twenty-two steroids (mainly C-19 compounds) were tested in this 
system, and evidence for glucosiduronic acid formation for all was obtained. 
Whereas for a few steroids the rate equaled that of testosterone, the ma- 
jority exhibited a diminished rate of synthesis. The extent of reduction 
of ring A was also measured. It is concluded that glucosiduronic acid 
synthesis has been demonstrated for many steroids at the tissue level. 
Account should be taken of this metabolic reaction in the consideration of 
mechanisms of steroid metabolism in general. 


The authors wish to express their sincere thanks to 8S. Green and C. 
Anstiss for performing many analyses for glucuronic acid. 
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EVIDENCE FOR AN INTERMEDIATE IN THE OXIDATION- 
REDUCTION OF FLAVOPROTEINS 


By HELMUT BEINERT 


(From the Institute for Enzyme Research, University of Wisconsin, Madison, 
Wisconsin) 


(Received for publication, August 22, 1956) 


Previous publications (1-4) have drawn attention to the fact that a 
broad absorption band emerges between 500 and 650 my when one of the 
acyl dehydrogenases! is reduced by substrate. It was found more recently 
(6) that a band of the same intensity and characteristics appears during 
the few seconds in which reduction of these flavoproteins by dithionite 
proceeds or during subsequent oxidation by oxygen. ‘The same phenom- 
enon could be observed with the free flavin compounds FAD? and FMN 
(7). Evidence adduced in a study of the spectra of FAD and FMN dur- 
ing oxidation-reduction (7) and also work by previous investigators (8-13) 
suggest that the new absorption band may be ascribed to a semiquinoid 
form of flavin. 

This paper describes the techniques which were used for recording rapid 
spectral changes and the spectra obtained during oxidation-reduction of 
three flavoproteins. In addition to one of the acyl dehydrogenases, 
L-amino acid oxidase of snake venom and the old yellow enzyme of yeast 
were investigated. The old yellow enzyme is of particular interest, as 
Haas (14) has described a red intermediate of this enzyme which appeared 
upon partial reduction and was thought to be a semiquinone. 


EXPERIMENTAL 
Materials 


The acyl dehydrogenases and their substrates were prepared as described 
previously (2, 4). Crotonyl CoA, vinyl acetyl CoA, and the isomers of 


‘The nomenclature used for the enzymes of fatty acid metabolism is that recently 
recommended by a committee which convened at the Second International Conference 
on Biochemical Problems of Lipids, Ghent, Belgium, July 27-30, 1955 (5). The en- 
zymes designated as fatty acyl CoA dehydrogenases, unsaturated fatty acyl CoA hy- 
drase, and 6-hydroxyacyl CoA dehydrogenase in previous papers will now be called 
acyl dehydrogenases, enoyl hydrase, and 6-hydroxyacy!] dehydrogenase, respectively. 
The range of substrate specificity may be indicated in parentheses. 

* The following abbreviations are used: CoA for coenzyme A, CoASH for reduced 
CoA, FMN for flavin mononucleotide, FAD for flavin adenine dinucleotide, DPN for 
diphosphopyridine nucleotide, TPN for triphosphopyridine nucleotide, Tris for tris- 
(hydroxymethyl)aminomethane, Y for the yellow acyl dehydrogenase (Cy to Cie) 
(see footnote 1), Y’ for the yellow acyl dehydrogenase (Cg to Cis), and ETF for the 
electron transferring flavoprotein. 
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B-hydroxybutyryl CoA?’ were prepared via the acy] thiophenol derivatives 
(15). S-Crotonyl-N-acetyl thioethylamine was kindly supplied by Dr. W. 
Seubert. 

L-Amino acid oxidase was prepared from the venom of Southern water 
moccasin. An initial heat denaturation of impurities was carried out ac- 
cording to Singer and Kearney (16). The protein in the clarified super- 
natant fluid was precipitated with ammonium sulfate at 90 per cent satura- 
tion and subjected to zone electrophoresis on starch in 0.1 m Tris acetate 
of pH 7.2. According to the electrophoretic mobility given by Singer and 
Kearney, the enzyme would be expected to move towards the anode under 
these conditions. However, on the starch column, the enzyme moved in 
the opposite direction under the conditions used, probably because of a 
considerable endosmotic flow. ‘The anode was therefore connected to the 
top of the column and the cathode to the bottom. After recovery from 
the column, the enzyme still contained a considerable amount of con- 
taminating protein, but it had the spectrum shown by Singer and Kearney 
(17), and the absorption at 465 my was reduced instantaneously to 36 per 
cent of its original value on addition of L-leucine. The preparation was 
therefore considered satisfactory for the planned spectral observations. 

The preparation of the old yellow enzyme was kindly made available by 
Dr. Carl S. Vestling of the University of Illinois and was of about 85 per 
cent purity (18). 

TPN was a product of the Pabst Laboratories and TPNH of the Sigma 
Chemical Company. The compounds were listed by the manufacturers as 
of 90 per cent or higher purity. 


Apparatus 


The Beckman spectrophotometers model DU, DK-1, and DUR were 
used with accessories for the control of temperature and for the reduction 
of sample size according to Lowry and Bessey (19). When immediate 
readings or recording was desired, additions were made on the end of 
plastic-coated wires. These wires had a loop at one end which was oriented 
in a horizontal plane and fitted into the lumen of the spectrophotometer 
cell. Addition and mixing could thus be accomplished in about half a 
second. For the measurement of rapid spectral changes, the rapid scan- 
ning spectrophotometer of the American Optical Company was found of 
great value. This instrument (called henceforth the A. O. spectrophotom- 
eter) scans the spectral region from 400 to 700 my 60 times a second and 
plots per cent transmittance on a fluorescent screen by means of a cathode 
ray beam. The standard cell holder of this instrument was replaced by a 
Beckman cell holder, to which a cooling coil was soldered. Samples could 


3 Kindly provided by Dr. 8. J. Wakil. 


t 
W 
t! 
li 
b 
I 
t 
\ 
/ 
| 
| 

| 

| 

| 


H. BEINERT 467 


thus be kept at 6-8°. A diaphragm with a circular hole of 1 cm. diameter 
was fastened at the sample position of the cell holder, which permitted only 
the bright center of the light beam to pass. A 3 ml. Corex cell of 1 em. 
light path was used for the sample. The cell was lifted up on an aluminum 
block which was inserted into the holder, so that the bottom of the cell 
was just below the hole of the diaphragm. The minimal fluid volume 
needed with this arrangement was 1.2 ml. Further reduction of the sam- 
ple, and consequently also of the light beam, led to an unacceptable dis- 
tortion of the 100 per cent transmittance line in the absence of absorbing 
material. The transmittance of standard samples was measured at several 
wave lengths in a model DU and in the A. O. spectrophotometer. The 
average deviation found was 2.5 per cent, and the greatest deviation was 
_ 4.5 per cent of the absorbance which was determined in the model DU. Al- 
though this performance is satisfactory, the A. O. spectrophotometer is 
much less reliable in its wave length setting. This is shifting continuously. 
The wave length scale does not shift as a whole, but individual areas ex- 
pand or contract. Some of these changes were found to be reproducible 
and to depend upon the time the instrument was in operation in each ex- 
periment. The wave length setting was therefore recorded and adjusted 
with the aid of a didymium filter before and after every reaction sequence. 
The tracings which appeared on the screen were recorded on Tri-X film 
with a 16 mm. movie camera mounted 2 feet away from the screen. The 
camera lens was adjusted to an f of 1.9. An exposure of sixteen frames 
per second was found most suitable for the work. A mask was placed in 
front of the screen to cover bright spots outside the coordinate field, and 
the room light was subdued. It was not necessary to shut the sample 
compartment. Additions were made from the outside into the previously 
placed cell with a specially bent, plastic-coated wire. The limitations of 
this technique for the recording of rapid spectral changes are (a) the time 
required for mixing and (b) the memory of the screen which is of the order 
of half a second. 


Methods 


The analytical methods and the coefficients used for the determination 
of protein and flavin were those described in a previous publication (2) 
or in the subsequent paper (20). 


Results 


Acyl Dehydrogenase Y: Description of Spectra—15 mg. of a prepara- 
tion of acyl dehydrogenase Y of high purity (0.39 per cent riboflavin, 
bo75 my/ E2447 map = 9.8) were dissolved in 1.4 ml. of 0.05 m phosphate of pH 
7.8. The total absorbance at 447 my was 1.68; 72 per cent of this could be 
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bleached by dithionite and 53 per cent by octanoyl CoA at 10-4 M concen- 

tration. The enzyme was first reduced with 5 ul. of a 4 per cent dithionite 
solution. The photographic records of some of the successive oxidation 
stages were superimposed and retraced in Fig. 1. The band with Ajax 565 
my appeared immediately on addition of dithionite (Curves 2 to 4), reached 
50 per cent of its maximal development 2.5 seconds after the completion 
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Fic. 1. Tracings of the A. O. spectrophotometer recorded on 16 mm. film and re- 
drawn by the aid of a comparator. Solid lines indicate the stages preceding and in- 
cluding full development of the characteristic band, the dotted lines the stages ap- 
proaching full reduction. The coordinates are slightly skewed as they appear on the 
screen of the instrument. Pictures taken at several time intervals were superimposed. 
The experimental conditions are described in the text. Curve 1, original solution of 
Y; Curves 2 to 8 after addition of dithionite; Curve 2, 1.5 seconds; Curve 3, 4 seconds; 
Curve 4, 11 seconds; Curve 5, 20 seconds; Curve 6, 31 seconds; Curve 7, 70 seconds; and 
Curve 8, 300 seconds. 


of mixing, full development at 16 to 22 seconds (Curve 5), and reverted 
again (Curves 6 and 7) close to the original level within 2 minutes (Curve 
8). On shaking with air, the spectrum passed once more through the same 
successive stages in reverse order. 

After reoxidation of the enzyme the spectral changes, which occurred on 
addition of substrate (Fig. 2), were recorded. 0.2 umole of octanoyl CoA 
was added. The band appeared again at about the same initial velocity 
as upon addition of dithionite. 75 per cent of the total band height, which 
developed after addition of octanoyl CoA, was reached within 2 seconds. 
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A further increase occurred within 1 minute (Curve 2). The enyzme solu- 
tion had changed from a bright yellow to a brownish green color. After 
1 minute 10 ul. of a 4 per cent dithionite solution were added which led 
immediately to a new equilibrium (Curve 3). The absorption at 447 my 
dropped and the band at 565 my increased slightly. Thereafter, reduction 
of the flavin proceeded slowly in the course of about 30 minutes to the stage 
of Curve 4. Then 0.4 umole of crotony! CoA was added, which led within 
2 seconds to a reversal (Curve 5) and after 2 minutes to Curve 6. 
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Fic. 2. Tracings of A. O. spectrophotometer and conditions as in Fig. 1. Curve 1, 
Y reoxidized after experiment of Fig. 1; Curve 2, 1 minute after addition of 0.2 umole 
of octanoyl CoA; Curves 3 and 4 after subsequent addition of dithionite; Curve 3, 
immediately; Curve 4, after 30 minutes; Curves 5 and 6 after subsequent addition of 
crotonyl CoA; Curve 5, 2 seconds; and Curve 6, 2 minutes. 


Similar records were obtained with the green butyryl dehydrogenase 
(21, 2) and palmityl dehydrogenase (4). 

Interpretation of Spectra—The spectral pattern observed when Y is re- 
duced by substrate or reoxidized with the oxidized form of the substrate is 
strikingly similar to the pattern found when Y is reduced by dithionite 
and reoxidized with air. A study of free flavins (7) revealed that the spec- 
tral characteristics of these compounds during oxidation-reduction at neu- 
tral pH were almost identical with those observed with the acyl dehydro- 
genases. In a previous publication (6), a difference spectrum is shown of 
the brownish green intermediate which occurs during reoxidation of re- 
duced FAD by air and the oxidized form of FAD. This spectrum is al- 
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most superimposable on a difference spectrum of Y reduced by octanoy] 
CoA and Y in its oxidized form. Common to both spectra is a relatively 
broad absorption band between 500 and 650 my with a peak at 560 to 570 
my. In the spectrum of the free flavin there is an additional broad band 
in the near infrared region which is not found with the enzymes. It js 
remarkable that the band with Amax 565 my has about 20 times the intensity 
with enzyme-bound FAD as with free FAD. 

The conclusion was drawn from previous work (7-13) that the band with 
Amax 565 my, which occurs during reduction and reoxidation of free flavins, 
may be ascribed to a semiquinone form of the flavin and the band in the 
near infrared region to a dimer of the semiquinone. It may therefore be 
suggested that the intermediate which occurs upon reduction of the acy] 
dehydrogenases with dithionite or with substrate and which exhibits prop- 
erties so strikingly similar to those of the intermediate observed with free 
flavins is also a semiquinone form of the enzyme-bound flavin. 

The characteristic band of free FAD and FMN with Amax 565 mp showed 
no concentration dependence; neither did the 565 my band of Y. A solu- 
tion of Y in 0.03 m phosphate buffer of pH 7.4, containing 1.4 X 10-‘m 
enzyme-bound flavin, was partly reduced with 8.6 XK 10-5 m octanoyl CoA. 
When this solution was diluted ten times with buffer, the intensity of the 
band at 565 my was exactly 0.1 times that observed before. The strong 
affinity of octanoyl CoA for Y is apparent from this experiment. 

As shown previously (6) no indication of a band in the near infrared 
region, corresponding to the dimer band of free flavins (7), was obtained 
with Y. Careful scanning of the near infrared region when a 1.4 X 1074 
M solution of Y was reduced by substrate or by dithionite confirmed the 
earlier result. It was shown (7) that dimerization of the semiquinone of 
free flavin is a relatively slow process, and one would therefore not expect 
enzyme-bound flavin to dimerize readily. 

Rate of Formation of Intermediate versus Rate of Over-All Reaction—lf 
the assumption is made that the intermediate indicated by the broad band 
(Amax 065 mu) does indeed occur as an intermediate in the over-all reaction 
catalyzed by the acyl dehydrogenases and the electron-transferring flavo- 
protein, then it has to be shown that the rate of formation of the interme- 
diate is at least as rapid as the rate of the over-all process. That this is 
indeed the case was shown in an experiment with Y’. <A preparation of Y’ 
which had been subjected twice to zone electrophoresis on starch, and 
which had a riboflavin content of 0.52 per cent, was used. This prepara- 
tion had been stored in the frozen state for approximately 1 year and had 
a specific activity of 24 when assayed under standard conditions (2) at 
30° with octanoyl CoA as substrate and in the presence of an excess of ETF 
and indophenol. At 8° a specific activity of 3 was found. From the flavin 
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content the turnover number was calculated to be 7 moles of substrate oxi- 
dized per mole of flavin per minute at 8°. 1.3 mg. of the same preparation 
were dissolved in 0.25 ml. of 0.04 mM phosphate of pH 7.0 and placed in 
the cell compartment of a recording spectrophotometer, Beckman model 
DUR, which was maintained at 8°. The chart speed of the recorder was 
set at 8 inches per minute. To the enzyme preparation 0.012 umole of 
octanoyl CoA was added on the tip of a stirring wire. The final concen- 
tration of octanoyl CoA was the same as that used in the assay in which 
the specific activity had been determined. ‘The band at 565 my appeared 
immediately and reached 96 per cent of its full development in 1.5 seconds. 
Since the enzyme was found to turn over once in 60/7 = 8.6 seconds at this 
temperature, the velocity of formation of the intermediate is more than 
sufficient to account for its participation in the over-all reaction catalyzed 
by the enzyme. 

A more thorough discussion of the possible mode of participation of this 
intermediate in the over-all reaction and a more detailed interpretation of 
the spectral changes recorded in Fig. 2 will be attempted in a subsequent 
paper (20), which contains additional information essential to such a dis- 
cussion. 

Conditions for Formation and Disappearance of Intermediate—The char- 
acteristics of the appearance of the band between 500 and 650 my on addi- 
tion of substrate are the same as those of the disappearance of the principal 
flavin band at about 450 my which will be more thoroughly discussed by 
Beinert and Page (20). The band can also be produced when the flavo- 
proteins are first reduced by an excess of dithionite and when the reaction 
product, an a,8-unsaturated fatty acyl CoA, is then added. When the 
band is produced in this fashion, there is always a marked increase in ab- 
sorption at about 450 mu. For instance, the addition of A?:*-octenoyl CoA 
will raise the absorption of dithionite-reduced Y at 447 my to a level simi- 
lar to that reached when Y is reduced by octanoyl CoA (3). 

A variety of substances was tested for the ability to produce the band 
when added to reduced Y in place of an a,8-unsaturated fatty acyl CoA. 
Crotonate (3.5 & 10-3 m), crotonyl glutathione (7.4 10-* M), b- or L-6- 
hydroxybutyryl CoA (2 10-4 M), butyryl or octanoyl CoA (2 K 10-4 
and CoASH (6 X 107? mM) were without effect, whereas crotonyl CoA, 
sorbyl CoA, vinylacetyl CoA (2.5 10-4 mg), S-crotonyl-N-acetyl thio 
ethylamine (2 X 10-3 m), and also L-6-hydroxybutyryl CoA (but not the 
D isomer) (2 X 10-4 m) in the presence of enoyl hydrase!:* produced the 
band when added to the reduced flavoprotein. 

When the band has been produced in the presence of the oxidized or re- 
duced form of the substrate, it will only disappear concomitant with a 
pronounced change of the oxidation state of the flavoprotein. Such a 
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change may be brought about by oxidation of the dehydrogenases with 
oxidizing agents, which are able to act in the presence of substrate or by 
displacement of the substrate and further reduction of the enzyme by 
dithionite, as discussed in the following paper (20). However, the ad- 
dition of enoyl hydrase, 6-hydroxyacyl dehydrogenase,': * Mg*+ ions, and 
an excess of DPN is without influence on the band even when the band has 
been produced with amounts of octanoyl CoA less than stoichiometric with 
the enzyme-bound flavin. Free A?--octenoyl CoA is readily converted to 
B-ketooctanoyl CoA under these conditions. This shows that the presence 
of free a, B-unsaturated fatty acyl CoA is not needed to maintain the band, 
and whatever of this compound has been committed to the production of 
the band is no longer available to enoyl hydrase. Agents like p-chloro- 
mercuribenzoate and dinitrophenol were without effect on the band. 

Extinction Coefficient of Intermediate—The intensity of the absorption 
band at 500 to 650 my is proportional to the extent of bleaching of the pros- 
thetic flavin by substrate. As will be shown (20), the extent of bleaching 
by different substrates is inversely related to the K, of the substrate. 
The intensity of the band or, by the same token, the concentration of the 
intermediate follows therefore the same inverse relationship to the K, of 
the substrate. 

The spectrum of the pure intermediate has never been obtained since 
there are always several absorbing species present in equilibrium (7). <A 
minimal value for the molar extinction coefficient can be derived from the 
experiments reported by Beinert and Page ((20) Table I). It is shown 
there that small amounts of octanoyl CoA react stoichiometrically with Y. 
This reaction leads to a decrease in absorbance at 447 my and a parallel in- 
crease at 565 my. If it is assumed that all the flavin which is bleached by 
octanoyl CoA is converted to the intermediate in a 1:1 stoichiometry, a 
minimal value of the extinction coefficient can be calculated from the ratio 
of the absorbance changes at the two wave lengths and the known value of 
the molar extinction coefficient for the difference between oxidized and 
completely reduced flavin at 447 my, 7.e. 10.3 sq. cm. X 
If the lowest observed ratio, 3.1, is used, we obtain 10.3 & 10° sq. cm. X 
mole! divided by 3.1 = 3.3 & 10° sq. cm. X mole! as a minimal value 
for the intermediate. 

L-Amino Acid Oxidase; Description of Spectra—About 100 mg. of the 
enzyme preparation were dissolved in 1.4 ml. of 0.05 m Tris acetate of 
pH7.2. The absorbance of the solution at 465 my was 2.6. The spectrum 
was recorded with the A. O. spectrophotometer (Fig. 3, Curve 1). 10 ul. 
of a 0.1 m solution of L-leucine were stirred in. The absorption at 465 mp 


4 The formulation is used in which the concentration of the solute is given in moles 
per ml. 
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began to drop immediately, and the absorption in the 520 to 650 my region 
increased (Curve 2) to a maximal value (Curve 3) within 4 seconds, after 
addition of leucine had been completed. The wave length of maximal 
absorption appears to be about 545 muy for the intermediate of this enzyme. 
The absorption in the 520 to 650 my region decreased again as reduction 
of the flavoprotein proceeded (Curve 4). Maximal reduction (Curve 5) 
was reached at 24 seconds, after which time reoxidation started. Since 
the experiment was performed aerobically, full reduction was probably not 
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Fic. 3. Tracings of A. O. spectrophotometer as in Fig. 1. The conditions are de- 
scribed in the text. Curve 1, original solution of L-amino acid oxidase. Curves 2 to 5 


after addition of L-leucine; Curve 2, 2 seconds; Curve 3, 4 seconds; Curve 4, 8 seconds; 
and Curve 5, 24 seconds. 


achieved. The original spectrum (Curve 1) was restored as soon as the 
oxidation was completed. <A slight temporary increase in absorption in 
the 520 to 650 my region was again observed during this oxidation. 

Reduction of this enzyme by dithionite was too rapid to furnish definite 
evidence for the typical band in the 520 to 650 my region which appeared 
on reduction with substrate. Reduction by dithionite is not readily re- 
versible with this enzyme. 

Rate of Formation of Intermediate versus Rate of Over-All Reaction—The 
turnover of the enzyme preparation used was not determined. An esti- 
mate may, however, be made when the figure given by Singer and Kearney 
isused. According to these authors, 1 mole of enzyme oxidizes 3100 moles 
of substrate per minute at 38° in the presence of 0.01 m L-leucine (16). 
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If the temperature coefficient of the reaction is assumed to be of the order 
of the coefficient found for Y’, the turnover at 8° would be about 200 per 
minute or 3 per second. Singer and Kearney consider a substrate concen- 
tration of 3 X 10-* M as optimal, ‘‘beyond which there is a definite decline” 
in rate. In the present work the appearance of the intermediate was fol- 
lowed aerobically at a 7 X 10-4 mM substrate concentration. L-Amino acid 
oxidase is, in contrast to Y and Y’, very readily autoxidizable in the pres- 
ence of substrate. In the experiment of Fig. 3, the band in the 520 to 650 
my region developed to 50 per cent of its full height in 2 seconds and to full 
height in 4 seconds. In view of the unfavorable substrate concentration 
in this experiment, the presence of oxygen, and the uncertainty of the tem- 
perature coefficient, the observed discrepancy of rates does not appear large 
enough to rule out the participation of the intermediate in the over-all 
reaction. 

Old Yellow Enzyme. Spectral Evidence for Intermediate—7 mg. of en- 
zyme were dissolved in 1.4 ml. of 0.1 M phosphate of pH 7.0. The spectrum 
was recorded with the A. O. spectrophotometer. Reduction with dithio- 
nite was very rapid, and no indication of an intermediate was obtained. 
Reduction with TPNH proceeded more slowly within a few seconds, and 
satisfactory records were obtained. A small rise in absorption between 
520 and 650 my was observed, but could not be considered unambiguous 
in view of the inherent instability of the A. O. spectrophotometer and pos- 
sible interference by turbidity in the concentrated protein solution. It 
should be pointed out, however, that at the concentration of flavin used in 
this experiment, with FMN or FAD likewise no clear indication of the in- 
termediate (Amax 565 my) can be obtained (7). There was no indication 
of an intermediate elsewhere in the spectrum (400 to 700 mu) which satis- 
fied the criteria discussed in a recent publication (7). 

Experiments were then conducted at a higher flavin concentration. 
0.015 pwmole® of enzyme was dissolved in 0.14 ml. of 0.1 mM phosphate of 
pH 7.4 (Fig. 4, Curve 1). The enzyme was first reduced by dithionite 
(Curve 2) and reoxidized by air. 0.05 umole of TPNH was then added 
(Curve 3). Slow reoxidation of the enzyme took place during the measure- 
ments. Curve 3 does therefore not represent the state of maximal reduc- 
tion by TPNH. It is shown here only to emphasize that under these con- 
ditions no increased absorption at 540 to 650 muy is observed. 

Thereafter 0.1 umole of TPNH and 0.2 umole of TPN were added. The 
gas space in the cuvette was filled with helium, and a rubber cap was in- 
serted. After a rapid partial reoxidation of the flavin on addition of TPN, 
a very slow reoxidation took place, which did not interfere with the re- 
cording of the spectrum (Curve 4). The absorption at 540 to 650 mg, 


5’ The molar extinction coefficient determined by Theorell (22) was used. 
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however, began to rise as soon as TPN had been added to the reduced en- 
zyme and reached a maximum within about 5 minutes. As oxidation of 
the flavin proceeded, the absorption at 540 to 650 my declined again after 
about 20 minutes. ‘The maximal change of absorbance occurred between 
560 and 580 my and did not exceed a value of 0.025 absorbance unit. 
Analogous observations were made in anaerobic experiments which were 


ABSORBANCE 


Fic. 4. Spectra of the old yellow enzyme measured with a Beckman spectropho- 
tometer (model DU). The conditions are described in the text. Measurements were 
made at intervals of 5my. Curve 1, original enzyme solution; Curve 2, after addition 
of an excess of dithionite; Curve 3, after addition of 0.05 umole of TPNH to the reox- 
idized enzyme; Curve 4, after addition of more TPNH (0.1 umole) and 0.2 umole of 
TPN. 


carried out under corresponding conditions. In no case was there a dis- 
tinct red color visible, and the absorption at 465 my was always higher than 
that at 475 muy. 

The small absorbance changes between 540 and 650 my which were con- 
sistently observed have to be evaluated critically as to their significance. 
In concentrated protein solutions such as used here, the development of 
turbidity may seriously interfere with exact measurements of small ab- 
sorbance changes specifically after an addition has been made under stir- 
ring. The following facts confirm that the measurements are indeed valid 
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and the values obtained are significant: (a) The experiment has been re- 
peated four times with the same results. (b) Turbidity as an interfering 
factor can be ruled out, as the absorbance at 700 my actually decreased 
slightly when the absorbance at 540 to 650 mu increased (cf. Curves 1 and 
4). (c) The increase in absorbance did not occur immediately after addi- 
tion of TPN under stirring, but slowly thereafter in the course of several 
minutes. (d) The increase in absorbance at 540 to 650 muy, as well as the 
slight decrease at 700 my, was reversed as oxidation of the flavin proceeded, 

Although the small absorbance changes observed are considered signifi- 
cant, they could not, without our awareness of the phenomenon from the 
work with FAD, FMN, and other flavoproteins, bear much conviction 
by themselves. 

Comparison of Present Observations with Those of Haas—20 years ago 
Haas (14) reported on a red intermediate of the old yellow enzyme which 
he observed when the enzyme was reduced in the presence of an excess of 
TPN and under anaerobic conditions. The spectrum of the intermediate 
recorded by Haas® shows an increase in absorption between 540 and 600 
my as it was observed in the present work also, but this increase extends to- 
wards shorter wave lengths. The absorption maximum is thus shifted 
from 465 to 475 my and the intermediate shows therefore a red color. Fur- 
ther work will have to provide an explanation for the spectral difference 
between the intermediate of Haas and that observed in the present work. 
It appears possible that under the experimental conditions of Haas an 
additional component contributes to the basic spectrum of the semiquinoid 
intermediate which was exclusively seen in the present work. 


DISCUSSION 


The records presented above show that the intermediate which is char- 
acterized by a broad absorption band between 500 and 650 my, and which 
was first observed with the acyl dehydrogenases, can also be demonstrated 
with the flavoproteins L-amino acid oxidase and old yellow enzyme. This 
is not surprising as it has been shown to occur during oxidation-reduction 
of free flavin. It may rather be postulated that one should be able to ob- 
serve the absorption band with all flavoproteins under suitable conditions. 
There are data in the literature which are of interest in this context. Dolin 
(23) has observed an absorption band with a bacterial flavoprotein which 
is strikingly similar to that described here. 

Mahler and Elowe (24) and Horecker (25) have published spectra for 
two cytochrome reductases which show an increased absorption in the 
spectral region of 500 to 600 mu on reduction with substrate. 

Some quantitative considerations may explain why the band at 500 to 


6 The author is indebted to Dr. k. Haas for making the spectral records available 
prior to their publication, which is planned for the near future. 
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650 mu has not been recognized previously with other flavoproteins and 
may not be readily found in many cases. We make the assumption that 
we are dealing with the same kind of intermediate in all cases and that the 
molar extinction coefficient at 565 mu is approximately the same for the 
free and the enzyme-bound intermediate. The maximal height to which 
the band rises at 565 mp may then serve as a measure of the intermediate. 
Since an exact value for the molar extinction coefficient of the intermediate 
is not known, it is practical to relate the maximal band height at 565 my 
to the decrease of absorbance which occurs at 450 my on complete reduc- 
tion of the flavin by dithionite. We thus obtain the index, —AA4gso m,z 
(100 per cent reduction) /AAse5 mz (50 per cent reduction), for the relative 
concentration of intermediate which may be maximally present in equilib- 
rium with the other forms of flavin. The lower the ratio, the higher is the 
attainable concentration of the intermediate. ‘The values for the ratio are 
70 for free FAD and FMN, 35 for the old yellow enzyme, 14 for L-amino 
acid oxidase, and 4 to 5 for Y and Y’. It is evident from a comparison of 
these figures that the acyl dehydrogenases were ideally suited for the detec- 
tion of the phenomenon. Free FAD, for example, would have to be used 
at a concentration corresponding to an absorbance of about 8 at 450 mu 
to yield a rise of 0.1 absorbance unit at 565 my during partial reduction. 
With the old yellow enzyme an absorbance of 4 at 465 my would be required 
to obtain a rise of 0.1 at 565 my. On the basis of the minimal value for 
the molar extinction coefficient of the intermediate, 3.3 & 10% sq. cm. X 
mole', which is derived from experiments described subsequently (20), 
an absorbance increment of 0.1 at 565 my would correspond to a concen- 
tration of the intermediate of 3 K 107° M. 

It is obvious that excessive amounts of material may be necessary in 
attempts to recognize the intermediate with some of the flavoproteins. It 
is also obvious that the acyl dehydrogenases offer the greatest promise for 
physical studies in which it will be attempted to establish that the inter- 
mediate is indeed a semiquinone as suggested. The concentration, as well 
as the stability of the intermediate, is extraordinarily high with these en- 
zymes. 


SUMMARY 


Spectra have been recorded of several flavoproteins during reduction 
with substrate or dithionite by a rapid scanning technique. Records of 
the yellow acyl dehydrogenase (C4 to Cig)! from pig liver, L-amino acid oxi- 
dase from snake venom, and the old yellow enzyme from yeast are pre- 
sented, which show the appearance of a transient intermediate during 
oxidation-reduction of these enzymes. The intermediate is characterized 
by a broad absorption band in the region of 500 to 650 mu, which is typical 
for the semiquinone form of free flavin at neutral pH (7). Since this 
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absorption band has been observed during reduction of the acyl dehydro- 
genases in the absence of substrate, it is concluded that the band can be 
ascribed exclusively to an intermediate oxidation state of the prosthetic 
flavin of the enzymes rather than to an enzyme-substrate complex. The 
conditions of formation and stability of the intermediate have been investi- 
gated with the acyl dehydrogenases. 


The author is indebted to Dr. D. E. Green for his continued interest in 
this work and to Dr. Jens G. Hauge for assistance and criticism in the early 
part of this work. The technical assistance of Mrs. Mildred Van De 
Bogart and financial support by the National Science Foundation (grant 
No. NSF-G1772) are gratefully acknowledged. 


Addendum—Since submission of this manuscript, it could be shown by electron 
paramagnetic resonance absorption that free radicals are indeed formed when sub- 
strate is added to the acyl dehydrogenases. A certain background absorption which 
was observed with the enzymes in the absence of substrate is so far unexplained and 
requires further study. The author is indebted to Dr. R. H. Sands of Stanford Uni- 
versity for his interest and kind collaboration in these experiments. 
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ON THE MECHANISM OF DEHYDROGENATION OF FATTY 
ACYL DERIVATIVES OF COENZYME A 


V. OXIDATION-REDUCTIONS OF THE FLAVOPROTEINS 


By HELMUT BEINERT ann ERNEST PAGE* 


(From the Institute for Enzyme Research, University of Wisconsin, Madison, 
Wisconsin) 


(Received for publication, August 22, 1956) 


Despite an intensive study of several of the known flavoproteins, some 
basic aspects of the function of flavin enzymes are still unexplored. Prog- 
ress in recognizing the general properties of this class of enzymes may be 
facilitated by the study of a particular enzyme in which one or another 
property is outstanding. <A flavoprotein system of unusual behavior was 
recently described, which catalyzes the dehydrogenation of fatty acyl 
derivatives of CoA (1-6).! This system 1s unique in that the shuttle be- 
tween the two extreme oxidation states of the prosthetic flavin may be 
sufficiently slowed down as to permit a slow motion observation of the en- 
zyme in action. Under certain conditions a stoichiometric rather than a 
catalytic interaction between enzyme and substrate occurs. 

In the work reported in this paper, answers were sought to the following 
questions: Why is the prosthetic flavin of the acyl dehydrogenases? bleached 
to a different extent by different substrates? Why is the oxidation state 
of these enzymes apparently frozen in the presence of minimal amounts of 
substrate, so that further reduction or reoxidation is slow or impossible, 
whereas oxidation-reductions proceed readily in the absence of substrate? 
What are the implications of the intermediate in the enzymatic reaction, 
which is indicated by the absorption band between 500 and 650 muy (6, 10) 


* Postdoctoral trainee of the National Heart Institute. 

1The following abbreviations are used: CoA for coenzyme A, CoASH for reduced 
CoA, DPN and TPN for di- and triphosphopyridine nucleotide, respectively, DPNH 
and TPNH for the respective reduced forms, FAD for flavin adenine dinucleotide, 
FADH, for reduced FAD, indophenol for 2,6-dichlorophenolindophenol, Tris for tris- 
(hydroxymethyl)aminomethane, Y for the yellow acyl dehydrogenase (C; to Ci.) (see 
footnote 2) (2), Y’ for the yellow acyl dehydrogenase (C, to Cig) (4), G for the green 
acyl dehydrogenase (Cy, to Cg) (7), all from pig liver, YH:, Y’H2, and GH» stand for 
the reduced forms of these enzymes, ETF for the electron-transferring flavoprotein 
(3), ETFH, for reduced ETF, A, for the apparent Michaelis-Menten constant, and 
K; for the inhibitor constant, both determined as described by Hauge (8). FMN 
stands for flavin mononucleotide. 

? For nomenclature of the enzymes, see footnote 1 of the accompanying paper and 
Beinert et al. (9). 
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when substrate is present? What is the function of the electron-transfer- 
ring flavoprotein, which specifically reoxidizes the reduced acyl dehydro- 
genases? Is this interaction reversible? Which is the natural electron ac- 
ceptor for this flavoprotein? What are the implications of the DPNH and 
TPNH dehydrogenase which is associated with ETF? 

The present communication deals with the description of a great num- 
ber of diverse experimental observations, the meaning of which is not al- 
ways immediately apparent without some guiding remarks. The experi- 
mental part will be divided into two sections, each followed by conclusions 
and discussion, with a general discussion at the end of the paper. 


RESULTS AND DISCUSSION 
Primary Dehydrogenases* 


Experiments—When dithionite is added to Y or Y’, at least 90 per cent 
of the prosthetic flavin is reduced within 1 minute and about 97 per cent 
within 5 minutes. When the enzyme solutions are then aerated, the flavin 
is immediately reoxidized after exhaustion of the reducing agent. By the 
anaerobic techniques to be described below, it was shown that indophenol 
or ferricyanide also reoxidizes reduced Y immediately when substrate is 
absent. The fact that ferricyanide may thus instantly reoxidize the re- 
duced dehydrogenases shows that there is no basic obstacle to a 1 electron 
transfer from these enzymes to acceptors. Cytochrome c could not serve 
as an oxidant for YH» even in the absence of substrate. 

Figs. 1 and 2 illustrate the effects of time, concentration, and chain length 
of substrate, which are observed when the prosthetic flavin of Y is reduced 
by a fatty acy] derivative of CoA. The preparation of Y used in these 
experiments had a riboflavin content of 0.44 + 0.02 per cent and a specific 
activity (2) of 32 with octanoyl CoA, and of 7 with palmityl CoA as sub- 
strate. 

As a general rule, the extent of bleaching‘ which occurs on addition of a 
substrate is inversely related to the apparent K, of the substrate, as meas- 


3 The phenomena reported here were principally studied with Y, but analogous ob- 
servations were made with Y’ and G. Because of the additional absorption maxi- 
mum at 700 my, G does not show strictly the same behavior as Y and Y’ in all respects. 
In such cases Y and Y’ will be specifically mentioned, and G will not be dealt with. 
The acyl dehydrogenases considered here are only those from pig liver. The en- 
zymes from beef liver show different characteristics of bleaching with substrates, but 
they show the same behavior as far as autoxidizability in the presence and absence 
of substrate is concerned. 

‘The term “bleaching” will be used in preference to ‘‘reduction’’ whenever the 
decrease of light absorption at the wave length of the main flavin peak at about 450 
my is considered without a precise knowledge of what oxidation state is finally reached. 
whether that of complete reduction or that of the semiquinone. 
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Fic. 1. 280 y of Y were dissolved in 0.140 ml. of 0.035 m phosphate of pH 7.4. Addi- 
tions were made as indicated by the arrows, and corrections were applied for changes 
in volume. Cg stands for octanoyl CoA, Ci, for palmityl CoA, C, for butyryl CoA, D 
for dithionite, and O» for aeration. When successive additions of the same CoA deriva- 
tive are indicated, 1.2 myumoles were added first and then 12 mumoles. The curves 
indicate the following: , 1.2 mumoles; - - -, 12 mumoles; — — -, 200 mumoles of 
palmityl CoA (Fig. 1, A) or octanoyl CoA (Fig. 1, B), and —-— , dithionite added at 
zero time. Measurements were made every 20 or 30 seconds during rapid absorbance 
changes, and every 1 to 5 minutes during periods of slow change. 
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MINUTES——~> 
Fic. 2. Conditions as in Fig. 1. In Fig. 2, A the curve symbols are those of Fig. 1. 
In Fig. 2, B the curves indicate the following: ———, 1.2 mumoles and - - -, 12 mumoles 
of butyryl CoA; - - -, 1.2 mumoles and — - -, 12 mumoles of palmity] CoA added at 
zero time. When successive additions of the same CoA derivative are indicated, 1.2 
mymoles were added first and then 12 mumoles. 
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ured in the over-all system (8). The curves of Figs. 1 and 2, which were 
obtained with low amounts of substrate, show this relationship clearly, 
1.2 mumoles of octanoyl CoA, palmityl CoA, and butyryl CoA, when add- 
ed to 3.25 mumoles of bound flavin of Y, reduced within 3 minutes 1.2, 0.6, 
and 0.2 myumoles, respectively, of flavin, while the corresponding K, values 


TABLE I 
Stoichiometry of Interaction of Substrate with Prosthetic Flavin of Y 
Y of high purity (E27s/E4s7 <8) was dissolved in 0.14 ml. of 0.035 m phosphate of 
pH 7.4. 0.8 ml. was used in Experiment 7. The absorbance at 447 and 565 mu was 
measured. Corrections were applied for changes in volume. 


Experiment No. | po por | Substrate added | “by substrate reducible favin | 
mumoles mumoles mipmoles 
lj Cs | 1.2 1.3 17.4 3.9 
ha: 4 1.2 1.1 16.1 3.8 
Cg 1.2 1.2 15.0 4.0 
Cs 1.2 0.8 13.8 3.1 
2 | “ol 1.2 1.2 3.25 3.1 
3 | Cs 1.2 1.2 1.9 3.7 
4 Cs 2.4 2.4 8.5 3.95 
5) Cs 1.2 1.0 2.5 3.4 
C, 1.2 0.13 2.5 3.2 
6T Cs 1.2 0.9 4.6 
A? 15 0 3.7 
A? 120 —0.3f 3.7 
hat | C4 45 15.5 109 
Cy, 45 15.5 93.5 
C, 45 14 78 
A?3-C, 131 —10f 7 
A? 3-C, 262 88 


* The flavin bleached in 5 minutes was determined in Experiment 7. 
+ The quantities of substrate listed were added successively in this experiment. 
t A negative value indicates reoxidation of flavin. 


for these substrates are 0.9, 3.4, and 40 K 10-® mM. It is apparent, how- 
ever, from the figures that this simple reciprocal relationship between the 
extent of flavin reduction and the A, value of the substrate does not hold 
for higher substrate concentrations and that other factors must be taken 
into account. 

Octanoyl CoA appears to interact stoichiometrically with the flavin of Y 
until about 20 to 30 per cent of the flavin has been reduced (Table I). _ If 
the amount of flavin bleached by dithionite within 3 minutes is taken as 
100 per cent, then 80 per cent of this flavin is bleached by a 4-fold excess 
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of octanoyl CoA (Fig. 1, B). The remaining 20 per cent is not bleached 
even by a 60-fold excess of octanoyl CoA. Neither will dithionite, when 
added after an excess of octanoyl CoA, reduce the flavin to the level which 
is reached in the absence of substrate. When the solution of Y is aerated 
after addition of substrate and dithionite, the flavin absorption will rise 
back to the level which was established by addition of substrate, before 
dithionite was added, but it will not rise further. In other words, what- 
ever portion of the flavin has been reduced by substrate is not reoxidized 
by oxygen. 

Palmityl CoA, at all levels, bleaches about half the amount of flavin 
(Fig. 1, A) which is bleached by the corresponding amount of octanoyl 
CoA. When palmityl CoA is present in a 60-fold excess above the pros- 
thetic flavin, it bleaches no more than in a 4-fold excess. Further bleach- 
ing by dithionite or by small quantities of octanoyl CoA is very slow, and 
reoxidation by air after dithionite addition is not immediate, as it is with 
butyryl or octanoyl CoA. These facts suggest that there is a specially 
strong steric effect of the large palmityl CoA molecule, which precludes 
extensive and rapid bleaching and reoxidation of the flavin. 

Butyryl CoA, which also has a lower affinity for Y than octanoyl CoA, 
reacts with Y in a way quite different from that of palmityl CoA (Fig. 2, 
A). Small quantities of butyryl CoA show very little effect and the ex- 
tent of bleaching progresses slowly with time. About an hour after the 
addition of a large excess of butyryl CoA, the level of flavin reduction 
reached by octanoyl CoA is approached. Yet, there is always further 
bleaching of flavin on addition of even small amounts of octanoyl CoA. 
Further bleaching of flavin by dithionite is slow when an excess of butyry] 
CoA is present, but not as slow as it is with palmityl CoA under the same 
conditions. The fact that dithionite bleaches but slowly the considerable 
amount of flavin which remains in the oxidized state after addition of bu- 
tyryl CoA again suggests that this flavin is not readily accessible. 

Fig. 2, B supports the conclusion drawn from the difference in K, values 
and the extent of bleaching by small amounts of substrate that the affinity 
of Y for palmityl CoA is greater than that for butyryl CoA. The addi- 
tion of small quantities of palmityl CoA will lead to additional bleaching 
when an excess of butyryl CoA is present. In the presence of an excess 
of palmityl CoA, butyryl CoA is without effect. 

It is of interest that a compound which is structurally related to the 
substrates but which cannot serve as a substrate itself may block reoxida- 
tion of the prosthetic flavin. Thus, for instance, propiony] CoA, which is 
not a substrate for Y and Y’ and which does not bleach the prosthetic 
flavin of these enzymes, prevents rapid reoxidation of Y’H. by oxygen. 
When Y’ is reduced by dithionite in the presence of propionyl CoA (3 X 
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10~* m), reoxidation of the reduced flavin by aeration occurs within hours t 
only instead of within seconds. It is surprising that propionyl CoA does I 
not act similarly with Y. CoASH (5 X 107% Mo), butyryl glutathione ( 
(10-* m), and octanoate (0.01 m) did not interfere with the reoxidation of 
Y’H,. Acetyl CoA (7 X 10-4 m) showed a marginal effect. ETF, when | 
added to Y’H:2 and propionyl CoA, did not relieve the blocking effect of 
propiony! CoA. 

When dithionite is added after substrate, the equilibrium which is es- 
tablished in the presence of substrate (see ‘‘Discussion,’’ Scheme I) will be 
slowly displaced towards complete reduction of enzyme and substrate. ’ 
This was shown in the following experiment. 30 mymoles of crotonyl CoA : 
were incubated anaerobically in the presence of 270 y of G and dithionite | 
in a volume of 0.145 ml. and at 5°. In 30 minutes 15 myumoles of butyry] : 
CoA were formed. 

Conclusions—The length of the carbon chain of the substrate determines 
the affinity of the dehydrogenase for the substrate. There is an optimal 
chain length for every dehydrogenase. The affinity of the dehydrogenase 
for a substrate of this chain length is high. When such a substrate is 
added in an amount which, on a stoichiometric basis, is smaller than that 
of the prosthetic flavin, the interaction between substrate and prosthetic 
flavin proceeds in a nearly stoichiometric fashion. Such small amounts 
of substrate will also prevent reoxidation of the reduced flavin by oxidizing 
agents, which instantly oxidize the reduced enzyme in the absence of sub- 
strate. The enzyme is thus not able to make a single turnover in the 
presence of substrate. This holds even for substrates of relatively low 
affinity. 

There is always some additional bleaching of the prosthetic flavin when 
dithionite is added after substrate. The rate and the extent of this bleach- 
ing are smaller, the larger the quantity of substrate present. ‘That por- 
tion of the flavin which is bleached by dithionite under these conditions 
is in general readily reoxidized by aeration, but not that portion of the 
flavin which has been reduced by substrate. In some cases, even the re- 
oxidation of that portion of the flavin which is bleached by dithionite only 
is strongly inhibited in the presence of substrate or a related compound. 
Each substrate has its own distinct pattern with respect to the time-course 
and extent of bleaching, inhibition of additional bleaching by dithionite, 
and reoxidation thereafter. When different substrates are added in suc- 
cession, the pattern of the substrate of highest affinity is dominant. 

These observations suggest that, when a substrate molecule interacts 
with one of the prosthetic flavins, it combines with the enzyme in such 
a fashion that other molecules cannot readily approach this flavin. In 
the absence of ETF, further reactions of the blocked flavin can occur only 
by displacement of the substrate either by a substrate of higher affinity for 
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the enzyme or by an excess of an oxidizing agent like quinones or phenazine 
methosulfate (2) or a reducing agent like dithionite. This displacement 
often proceeds slowly. 

Discusston—The reason for the apparent incomplete bleaching of the 
prosthetic flavin by octanoyl CoA is not clear. On the assumption that 
all the flavin present in the enzyme is of the same nature and reactivity, 
one may consider the following reasons: (a) The equilibrium of the enzyme- 
substrate system is such that complete reduction of the prosthetic flavin 
is not favored under the conditions used. Evidence was presented by 
Beinert (10), and will be discussed below, that intermediate species occur 
in the interaction of substrate with the prosthetic flavin. The established 
equilibrium is therefore not a simple one of the type Y + SHz=— YH: + 
S,5 but is more complex. For this reason, studies on the equilibrium of 
the system so far could not be evaluated satisfactorily. ‘The fact that 
palmityl CoA and butyryl CoA bleach only to a relatively small extent is 
largely due to reasons other than the immediate establishment of an oxi- 
dation-reduction equilibrium, as will be discussed below. (6) The pres- 
ence of the band with Amax 565 my after addition of octanoy! CoA indicates 
that a considerable concentration of an intermediate is present (10). If the 
intermediate would have a light absorption at 447 my, which exceeds that 
of the completely reduced flavin, the bleaching of the flavin would be 
‘ancomplete.”’ 

If it is assumed that not all the flavin in the enzyme is equivalent, the 
following possibility is obvious: (c) Part of the flavin is located at sites 
which are no longer enzymatically active. This possibility is supported 
by the observation that the percentage of flavin which is bleached by di- 
thionite, but not by octanoyl CoA, increases with the age of the enzyme 
preparation. It is not possible to decide between these alternatives on the 
basis of the available data, but the alternative possibility (c) appears likely. 

Palmityl CoA bleaches about half the amount of flavin which is bleached 
by octanoyl CoA, and, since there are two flavins per molecule of Y, it 
appears possible that the interaction of palmityl CoA with one of these 
flavin molecules has the consequence of blocking access to the second 
flavin molecule. The observation that an excess of butyryl CoA bleaches 
the flavin of Y more extensively than an excess of palmityl CoA, despite 
the higher affinity of palmityl CoA for Y, is also best explained by a steric 
effect. Hauge (8) has observed an influence of the chain length of the 
substrate used for reduction of Y on the interaction of YHs with ETF, 
which may be interpreted along similar lines. Since octanoyl CoA readily 
bleaches 80 per cent of the flavin, the much less eomplete bleaching by the 

®* SH. and S designate the reduced and the oxidized forms, respectively, of the sub- 


strate; 7.e., the saturated and the unsaturated fatty acyl CoA. For simplicity’s sake, 
no account is taken here of the fact that 1 molecule of Y contains 2 molecules of FAD. 
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smaller butyryl CoA molecule cannot be explained by steric considerations 
such as were invoked for the incomplete bleaching by palmityl CoA. The 
inhibition of bleaching by dithionite in the presence of an excess of butyry] 
CoA and the slow progressive bleaching shown by butyryl CoA itself sug- 
gest that butyryl CoA may indeed be able to occupy most of the flavin- 
containing sites which can be occupied by octanoyl CoA, but that the 
oxidation-reduction of butyryl CoA with the flavin does not readily take 
place at every site. 


Electron-Transferring Flavoprotein 


Experiments; Oxidation-Reduction—The prosthetic flavin of ETF is 
reduced somewhat less extensively by its substrates than by dithionite. 

In contrast to the prosthetic flavins of the acyl dehydrogenases, the 
flavin of ETF is not immediately reoxidized by oxygen, when reduced by 
dithionite. When a solution of ETF is reduced with a small excess of 
dithionite and is then shaken with air to reoxidize any excess of dithionite 
and to keep the solution well aerated, the flavin of ETF is completely re- 
oxidized in about 30 to 60 minutes. 

When a mixture of ETF and Y is reduced by dithionite, the characteris- 
tics of reoxidation of the components by oxygen are unchanged. YH, is 
reoxidized instantly upon aeration and ETF slowly. This behavior can 
be utilized for an approximate differential analysis. 

Such an analysis was applied to the following problem. In previous 
work ETF had always been reduced either by dithionite or by an acyl de- 
hydrogenase in the presence of a fatty acyl CoA. It was not known 
whether YH, could reduce ETF readily in the absence of a fatty acyl CoA. 
To test this, a 4.4 X 10-5 m solution of Y was reduced by dithionite, the 
solution was then gently shaken, and care was taken to oxidize excess di- 
thionite and to keep the flavin mainly in the reduced state. As soon as 
the dithionite was exhausted, oxidation of YH. started. At this moment 
ETF was added, and the solution was aerated. The portion of the flavin 
which was still present in the reduced form was not reoxidized immediately 
but at the slow rate characteristic for ETF. This result was confirmed in 
another similar experiment, in which ETF and cytochrome c were added 
to YH». A marked reduction of cytochrome c was observed in this case. 
Cytochrome c does not oxidize YH: in the absence of ETF. In analogous 
experiments it was shown that free FADH: does not react with ETF in 
the manner characteristic of YH». On the other hand, FAD, when added 
to ETFH,, has no influence on the slow autoxidation rate of ETFH2. It 
is apparent that ETFH, does not reduce free FAD, nor does ETF oxidize 
free FADH;, readily, whereas it oxidizes the bound FADH:, of Y, Y’, and 
G immediately. 2 

As shown previously (3), ETFH2, when reduced by substrate, is readily 
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reoxidized by indophenol and ferricyanide and somewhat more slowly by 
cytochrome c. Experiments were carried out by the anaerobic techniques 
described below, which showed that E7TFH), is equally well reoxidized by 
these substances when previously reduced by dithionite. ETF was partly 
reduced under anaerobic conditions with a suboptimal amount of dithi- 
onite, and known amounts of oxidizing agent were then added. At the 
appropriate wave lengths, reduction of the oxidizing agent and oxidation 
of ETF were followed spectrophotometrically. ETFH: is not reoxidized 
by hydrogen peroxide. 

The question as to which substance is the natural oxidant for ETFH, is 
still unanswered. Since ETFH, interacts with cytochrome c, the dehy- 
drogenation of fatty acyl derivatives of CoA can be linked to oxygen as 
final acceptor through any preparation of the terminal electron transport 
system which is able to oxidize cytochrome c. However, the physiological 
significance of such a pathway is not clear, because the rate of reduction 
of cytochrome c by ETFH: is relatively slow with most preparations of 
ETF and is subject to peculiar conditions (3). 

In a search for a more efficient pathway to oxygen, it was found that 
butyryl CoA would reduce the heme groups of a particulate ‘‘closed”’ (11) 
preparation of the electron transport system when G and ETF were present 
(5). The term “closed” implies that this preparation operates maximally 
in the absence of externally added cytochrome c. In the absence of ETF 
no reduction occurred. This reduction was slow, however, in contrast to 
a more rapid reduction of these hemes by succinate or DPNH._ Experi- 
ments with the oxygen electrode and with the Warburg apparatus showed 
that, in the presence of succinate or DPNH and the particulate prepara- 
tion, oxygen was readily consumed, whereas no measurable oxygen uptake 
occurred when G, ETF, and butyryl CoA were added to the same prepara- 
tion. Neither could any crotonyl CoA be detected. It is possible that 
the optimal conditions for the operation of such a coupled system have not 
yet been found. 

Reversibility of Interaction of Dehydrogenases with ETF—To show the 
reversibility of the interaction of the acyl dehydrogenases with ETF the 
following sequence of reactions was carried out: 


Y’ + palmityl CoA — Y’H: + A?3-hexadecenoyl CoA 
Y’H, + ETF — Y’ + ETFH, 
ETFH, + G — ETF + GH, 
(iH. + crotonyl CoA — G + butyryl CoA 


G,Y’ 
ETF 


Sum: Palmityl CoA + erotonyl CoA A? 3-hexadecenoyl CoA 


+ butyryl CoA 
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Such an experiment is feasible, as the dehydrogenases G and Y’ do not 
cross-react with the particular substrates which were used here. 

270 y of ETF, 75 y of Y’, 40 y of G, 50 mumoles of crotonyl CoA, and 41 
mumoles of palmityl CoA were incubated in 0.25 ml. of 0.02 m phosphate 
of pH 7.0 at 27°. The absorbance at 445 my was measured. The absorb- 
ance decreased instantly when palmityl CoA was added and reached a 
steady level after 5 minutes. The reaction mixture was deproteinized 
with perchloric acid after 15 minutes and assayed for butyryl CoA as de- 
scribed below. 2.5 mumoles of butyryl CoA were found. When either 
ETF or palmityl CoA was omitted from the reaction mixture and the test 
for butyryl CoA was carried out in the same way, the reduction of indo- 
phenol did not exceed a small blank, which was also observed, when all 
enzymes had been omitted during the incubation period. A correction 
was applied for this blank. 

Relationship of ETF and Associated DPNH and TPNH Dehydrogenase— 
All preparations of ETF obtained to date show two different enzymatic 
activities: an electron-transferring function in the pathway of fatty acyl 
CoA dehydrogenation and a strong DPNH and TPNH dehydrogenase 
activity (3). It was of interest to know whether these two enzymatic ac- 
tivities could be coupled so that DPNH or TPNH could reduce the acyl 
dehydrogenases. 

Highly purified preparations of ETF and G or Y were incubated aero- 
bically or anaerobically in the presence of DPNH or TPNH and crotonyl 
CoA. Neither was the oxidation of reduced pyridine nucleotides observed 
nor was the disappearance of crotonyl CoA or the appearance of butyryl 
CoA detectable by the techniques described below. Langdon (12) and 
Gibson and Jacob (13) have described crude systems which are able to 
reduce crotonyl CoA to butyryl CoA with concomitant oxidation of TPNH. 
The addition of ETF and G to such preparations did not increase the rela- 
tively slow rate of TPNH oxidation and butyryl CoA formation, which is 
exhibited by these preparations. 

It was shown above that the same heme components of a particulate 
preparation of the terminal electron transport system are reduced by 
DPNH and by butyryl CoA in the presence of ETF and G. The same 
hemes were also reduced in the presence of TPNH and ETF, through the 
mediation of the TPNH dehydrogenase function of ETF preparations. 
Experiments aimed at establishing a link between the fatty acid pathway 
and the DPNH and TPNH pathway through one of the hemes of the par- 
ticulate preparation were also unsuccessful. 

Conclusions—ETF is readily reduced by the free reduced acyl dehydro- 
genases in the absence of any fatty acyl CoA. Although ETF is thus able 
to react with the bound FADH; of the acyl dehydrogenases, it does not 
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react with free FADH, at an appreciable rate. Whether reduced by di- 
thionite or by substrate, ETF is immediately reoxidized by indophenol and 
ferricyanide, somewhat more slowly by cytochrome c, and very slowly by 
oxygen. The slow autoxidation rate is not changed in the presence of an 
acyl dehydrogenase or free FAD. ETFH,; is able to reduce cytochrome 
cand other hemoproteins, but the rate of these interactions appears too 
slow to be of physiological significance. 

The reaction between the reduced acyl dehydrogenases and ETF is re- 
versible. Crotonyl CoA could be reduced to butyryl CoA through pal- 
mityl CoA as reductant in the presence of Y’, G, and ETF. ETF was 
necessary for this oxidation-reduction. 

ETF preparations of the highest purity obtained show two different 
enzymatic activities: an electron transfer function from acyl dehydro- 
genases to acceptors and a DPNH and TPNH dehydrogenase activity. 
All attempts to link these two activities have so far failed. 

Discussion—The possibility of a direct electron transfer between the 
two enzymatic pathways is of great interest for the following reasons. 
The oxidation-reduction between the acyl dehydrogenases and ETF ap- 
pears to be reversible, as shown above. On the other hand, reduced pyri- 
dine nucleotides are able to transfer electrons to an acceptor site present 
in ETF preparations. If this acceptor could be linked to the electron- 
transferring function of ETF in the fatty acid pathway, a mechanism would 
be available for reduction by reduced pyridine nucleotides of ETF and 
thereby also of the acyl dehydrogenases. This would mean that a,f-un- 
saturated fatty acyl derivatives of CoA could be reduced to the saturated 
derivatives by means of DPNH or TPNH. It is possible that such a re- 
duction occurs in fatty acid synthesis, but no details of the mechanism are 
known. 


DISCUSSION 


We will now attempt to provide a scheme for the interaction of the com- 
ponents of the dehydrogenation system for fatty acyl derivatives of CoA, 
which incorporates the information contained in this and in previous pa- 
pers (1-6, 8, 10). When a fatty acyl CoA is added to Y, the accompany- 
ing equilibrium system appears to be established (Scheme I).5 

The experiments above show that the oxidation-reduction equilibrium, 
once established, is not easily disturbed by oxidizing and reducing agents 
which generally upset such equilibria at once. We may therefore con- 
clude that the substrate exerts a strong screening effect on the prosthetic 
group of the enzyme at all oxidation levels, and that the enzyme is prac- 
tically all bound to some form of the substrate in the complexes II to IV. 
Complex II is the enzyme-substrate complex postulated by the theory of 
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Michaelis and Menten (14). The kinetic studies by Hauge (8) have pro- 
vided information on this complex, and the finding by Hauge of a strong 
product inhibition has shown that an analogous complex, Ila, between 
oxidized enzyme and product is formed. Analogous to complexes II and 
IIa, complexes between reduced enzyme and product, IV, and reduced 
enzyme and substrate, IVa, are formed. In support of IVa, we may cite 
the experiments on the interaction of propionyl CoA and Y’H2. Propiony| 
CoA, which is not a substrate for Y’, can form a complex with Y’H;, and 
thus prevent its rapid reoxidation by air. It appears therefore reasonable 
to assume that the higher homologues of propionyl CoA, which are sub- 
strates for Y’, can also associate strongly with the reduced form of this 
dehydrogenase to form IVa. 

The evidence for the existence of form III rests on the spectral observa- 
tions described and discussed by Beinert (10). 


Y---SCITa) (Wa) 
Y+SH5 = = +S 
(II) (WM) (CW) 
YH ETF 
(WI) 
ScHEME I 


With the conclusion that only very small quantities of I and V are pres- 
ent at equilibrium, we have to reconcile the facts that ETF is able to re- 
oxidize the reduced dehydrogenases rapidly and that a relatively large 
quantity of crotonyl CoA will produce an immediate, though small reoxi- 
dation of the prosthetic flavin in the presence of a saturated fatty acyl 
CoA (cf. Table I, Experiments 6 and 7). 

If ETF does not react principally with free YH: in form V, two possi- 
bilities remain for the mode of action of ETF: (a) ETF oxidizes IV or 
IVa to IIa or II. This may take place without previous dissociation of 
these complexes or ETF may displace momentarily S or SH: and oxidize 
the prosthetic flavin. ETFH, may then dissociate and Y will immediately 
revert to II or IIa. The possibility that ETF has a dissociating function 
for IV or IVa separate from its oxidizing function appears unlikely, be- 
cause ETF does not increase markedly the autoxidation rate of the de- 
hydrogenases in the presence of substrate. Even more convincing is the 
fact that ETF does not influence the slow rate of autoxidation of Y’Hz in 
the presence of propiony]l CoA, a compound which is unable to transform 
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Y’ back to Y’He. (b) ETF reacts directly with III which is present in 
relatively large amounts, according to estimates from spectrophotometric 
data. ETF is known to carry out 1 electron transfers readily. If this is 
the mode of action of ETF, it would mean that the transition from a 1 
electron transfer to a 2 electron transfer is actually made by the dehy- 
drogenases and not by ETF. That the dehydrogenases, like ETF, can 
carry out 1 electron transfers easily is evident from their ability to interact 
with ferricyanide, in the absence of substrate. 

The establishment of the equilibrium system of Scheme I and the effects 
of various agents on this system are well demonstrated in Fig. 2 of Beinert 
(10). This figure shows the spectra recorded by the rapid scanning 
spectrophotometer when octanoyl CoA is added to Y. Curve 2 corre- 
sponds to the situation which obtains when the equilibrium of Scheme I 
is established. Form III is indicated by the band with Amax 565 mu. The 
spectrum of Curve 2 persists unchanged for many hours, even in the pres- 
ence of oxygen. When dithionite is added, Curve 3 is obtained momen- 
tarily, but immediately thereafter the spectrum approaches the stage of 
Curve 4. The additional temporary rise of the semiquinone band at 565 
my in Curve 3 is due to the reduction of remaining oxidized flavin to the 
semiquinone level. Such a temporary rise has often been observed under 
these conditions. The facts that reduction by dithionite proceeds then 
further and that the absorption at 565 mu drops indicate a disappearance 
of form III. By reducing I to VI, dithionite will gradually shift the whole 
equilibrium over towards full reduction of both enzyme and substrate (VI). 

In confirmation of this, it was shown above that dithionite is indeed 
able to produce slowly YH: and butyryl CoA from Y and crotonyl CoA. 
Since the effect of dithionite on the equilibrium system is much more rapid 
than that of oxygen, dithionite probably reacts not only with I but may 
be able to displace S and SH: slowly in forms II, Ila, and III. 

When crotonyl CoA is added thereafter, Curve 5 (Fig. 2, (10)) is immedi- 
ately obtained. This curve indicates that flavin has been transformed to 
the oxidized and semiquinone forms; 7.e., crotonyl CoA has reacted with 
form 1Va and VI to restore II, IIa, III, and 1V. Since an excess of dithio- 
nite is still present, a shift towards more reduced forms occurs, thereafter 
(Curve 6) indicated by a drop of absorption at 447 mu. The concomitant 
rise of absorption at 565 muy is not easily explained. 

The slowness of these oxidation-reductions permits a detailed analysis 
of the interactions in the present system. The information gained from 
this analysis may be of value in the study of other flavoprotein systems in 
which the single reaction phases are not as easily discernible. 
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EXPERIMENTAL 

Materials 

The enzymes and substrates used were prepared as described previously 
(2). Only enzyme preparations of high purity were used (H27s/Eu: <8). 
Crotonyl CoA was prepared via the acyl thiophenol derivative (15) or en- 
zymatically. Whenever, in the course of an experiment, enzymes or sub- 
strates were assayed with indophenol as acceptor, enzymatically prepared 


fatty acyl derivatives of CoA were used, because such preparations are free 
of the interfering thio esters of glutathione (2). 


Apparatus 
The instruments used were those described in Beinert (10). 


Methods 


Determination of Flavin—50 per cent trichloroacetic acid was added to 
a solution of the flavoprotein to give a final concentration of 5 per cent. 
An aliquot of the supernatant liquid was withdrawn and placed in a micro- 
cuvette for the Beckman spectrophotometer. ‘Twice recrystallized solid 
Tris was added to a pH of about 7. The absorbance of the solution at 
450 mu was measured, and a correction of 2.5 per cent was applied for the 
increase in volume due to Tris. <A trace of solid dithionite was added, and 
the absorbance was again determined. Since FAD is the only acid-dis- 
sociable prosthetic group of the flavoproteins dealt with in this work, the 
molar extinction coefficient for FAD, 11.3 & 10° sq. cm. X mole, was 
used (16-18). This coefficient is valid for the total absorption of the 
oxidized form at 450 my and cannot be applied to the difference between 
oxidized and reduced FAD, as determined in the described method. Ac- 
cording to Whitby (17), the absorption of reduced FAD at 450 mu is 9 
per cent of that of oxidized FAD. Siliprandi’ found a value of 8.7 per 
cent for electrophoretically pure FAD. Using the value of this author, 
we arrive at a coefficient of 11.3 0.913 10®sq. cm. XK mole! = 10.3 X 
10° sq. cm. X mole“ for the difference between oxidized and reduced FAD. 
This value has been used in the present work. 

The quantitative estimation of changes in the oxidation state (between 
full oxidation and full reduction) of enzyme-bound FAD in Y and Y’ was 
likewise based on this coefficient. The coefficient applies to the absorp- 
tion of FAD at 450 my, but was used for bound FAD at the wave length 
of maximal absorption in the visible range, 7.e. 447 my for Y and 442 my 

6 The formulation is used in which the concentration of the solute is given in moles 


per ml. 
7 Personal communication from Dr. N. Siliprandi, University of Rome. 
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for Y’. ‘The use of the coefficient for the estimation of changes in the oxi- 
dation state between full oxidation and full reduction is subject to an un- 
certainty. A semiquinoid intermediate is formed during the reduction of 
flavins and flavoproteins, and the absorption of this intermediate in the 
region of 450 my is not known. ‘The assumption is made in the present 
work that the absorption of the intermediate in this spectral region is the 
same as that of the fully reduced form. ‘This assumption can be recon- 
ciled with all spectral observations. It is also not exactly known how much 
the intensity of absorption of FAD is changed on combination with the 
various enzyme proteins. However, it was found with several prepara- 
tions of Y and Y’ that an estimation based on the difference in absorbance 
at 447 mu (Y) or 442 mu (Y’), when the intact flavoprotein was reduced 
by an excess of dithionite,’ gave a value for flavin which did not differ sig- 
nificantly from that determined on the trichloroacetic acid supernatant 
fluid of the denatured protein as described above. In both cases the co- 
efficient 10.3 10° sq. em. mole~! was used. 

Previous investigators have assumed a molar extinction coefficient of 
10.4 X 10° sq. em. X mole for the total absorption of several flavopro- 
teins at the wave length of maximal absorption in the visible range (19). 
This value is based on Theorell’s (20) determination of flavin in the 
old yellow enzyme. ‘The prosthetic group of this enzyme is, however, 
FMN. The discrepancy between determinations according to this value 
and of spectrophotometric FAD determinations on a deproteinized super- 
natant solution of Y and Y’ was considerable. 

Determination of Protein—Protein was determined by the biuret 
method (21). Frequently, the trichloroacetic acid precipitate obtained in 
the flavin determination described above was dissolved directly in biuret 
reagent. 

Determination of Butyryl CoA—It was found by Hauge (8) and was 
confirmed by the authors that small quantities of a saturated fatty acyl 
derivative of CoA react quantitatively with indophenol in the presence of 
an acyl dehydrogenase and ETF. A quantitative assay of these com- 
pounds was therefore based on this reaction. ‘The basic assay system de- 
scribed for the acyl dehydrogenases was used (2), and the particular acy! 
dehydrogenase selected was the one which is most active with the substrate 
to be assayed. Acyl dehydrogenase and ETF were added in sufficient 
quantity so that the reaction was completed in less than 5 minutes. ‘The 
amount of CoA derivative to be assayed was so adjusted that a total ab- 
sorbance change of about 0.2 occurred under standard assay conditions. 
The complete mixture, exclusive of the acyl CoA, was incubated until a 
slight initial reduction of indophenol had ceased. The CoA derivative 


* The extent of reduction which had occurred after 3 minutes was used as a basis. 


ly 
| 
| 


494 OXIDATION-REDUCTION OF FLAVOPROTEINS 


was then added in a small volume from a calibrated micropipette. <A cor- 
rection for the change in volume was applied. The evaluation of the ab- 
sorbance measurement was based on the molar extinction coefficient of 
indophenol at 600 my and pH 7.0. This was determined to be 16.1 x 
10° sq. cm. X mole for the batch of indophenol used. The values ob- 
tained by this method agreed well with values determined by independent 
methods. Thus a sample of butyryl CoA was found to be 9.5 X 10-3 
by the enzymatic method and 9.6 & 10-3 mM by the hydroxamic acid test, 
and the corresponding values for a sample of octanoyl CoA were 11.6 X 
10-* m and 11.0 X 10-* m. The hydroxamic acid test was based on pure 
acethydroxamic and octanohydroxamic acids. The extinction coefficients 
of the ferric complexes of both compounds in acid solution are identical. 
When the CoA derivatives were hydrolyzed with alkali in the presence of 
sodium amalgam’? and the liberation of sulfhydryl groups was determined, 
the values obtained likewise agreed with those reported above. Gluta- 
thione was used as a standard for the determination of sulfhydryl. A 
sample of palmityl CoA of high purity, which had been twice reprecipitated 
from acid solution, was found to be 0.0157 m by the enzymatic method 
and 0.0155 mM, according to its absorption at 260 my at pH 7.0. The molar 
extinction coefficient for AMP, 15.4 K 106 sq. em. X mole~'!, was used for 
this determination. 

The assay described above is specific, when enzymes of high purity are 
used, and, in addition, is reproducible and sensitive. When the volume of 
the reaction mixture is decreased to 0.15 ml., 1 mumole can be easily de- 
termined. A few precautions have to be taken. ‘The CoA derivative to 
be assayed should be free of sulfhydryl or other reducing agents. This 
may be tested by determining dye reduction in the absence of enzymes. 
Certain impurities may render indophenol autoxidizable. <A correction 
has to be applied in this case for partial reoxidation of the dye during the 
experimental period. 

The method has frequently been applied to the determination of a satu- 
rated fatty acy! CoA in deproteinized reaction mixtures. In this case the 
order of additions is changed. The dye is added to an aliquot of the de- 
proteinized and neutralized reaction mixture. The absorbance at 600 


® The molar extinction coefficient of indophenol was determined by Dr. F. L. Crane 
and was based on the spectrophotometric measurement of the decrease in absorbance 
at 600 my in 0.01 Mm phosphate of pH 7.0 on addition of ferrous ammonium sulfate. The 
ferrous ammonium sulfate was standardized by potentiometric titration against stand- 
ard dichromate before and after the spectrophotometric measurement and also against 
permanganate by colorimetry. 

10 There may be a considerable loss of sulfhydryl] if the hydrolysis is carried out in 
the absence of amalgam. A blank has to be subtracted in which the sample is exposed 
to amalgam at pH 3 to 7. 


t 


b- 


H. BEINERT AND E. PAGE 495 


mu is observed, and no further addition is made until dye reduction has 
ceased. Then an appropriate amount of the enzymes is added. <A blank 
is necessary in which the dye reduction by the enzyme solutions is de- 
termined. When an unsaturated fatty acyl CoA is present, the acyl de- 
hydrogenases are inhibited. For instance, when butyryl CoA has to be 
assayed in the presence of a 20-fold excess of crotonyl CoA, relatively high 
levels of dehydrogenase have to be used. If the unsaturated compound 
is present in much larger amounts, a quantitative assay is no longer pos- 
sible. 

Determination of Crotonyl CoA—Crotonyl CoA was quantitatively de- 
termined by following reduction of DPN in the presence of 6-hydroxyacyl 
dehydrogenase®: and enoyl hydrase*: " at pH 9 (22-24). If contamina- 
tion by B-hydroxybutyryl CoA had to be allowed for, an assay in the ab- 
sence of enoyl hydrase furnished the data for the desired correction. 

Anaerobic Spectrophotometric Techniques—(a) anaerobic cell de- 
signed by Lazarow and Cooperstein was used (25). This cell was placed 
in the microcell carrier of Lowry and Bessey (26). With the diaphragm 
designed by these authors, a fluid volume of 0.8 ml. was necessary. The 
cuvette part proper of the assembly was coated inside with Dri-Film.!” 
Spots of 2 to 5 wl. of suitably concentrated solutions of the substrates and 
oxidizing or reducing agents were placed with micropipettes along the four 
corners of the cell. The droplets were then dried in a vacuum desiccator 
over P2O5. When all spots were dry, nitrogen was flushed through the 
open cuvette, the enzyme solution was added to the bottom of the cell with 
a drawn out pipette, and the top piece of the assembly was inserted after 
the side bulb had been filled with an alkaline dithionite solution to absorb 
residual oxygen. Nitrogen was then introduced through the top valve of 
the assembly. The gas was not bubbled through the liquid, but the small 
sample was equilibrated with the gas by gentle shaking. After both 
valves were closed, the cell was placed in the carrier. The additions were 
made, when desired, by carefully tilting the cuvette and flushing the dried 
out spots down with the liquid sample. In this way four successive addi- 
tions of each of four different substances could be made in a closed system. 
When small quantities of oxygen were desired for partial reoxidation of re- 
duced flavin, a small amount of air was injected with a long needle through 
the top valve. 

(b) A 2.5 em. long rubber sleeve was pulled over the upper end of a 3 ml. 
spectrophotometer cell of 1 em. light path. The lower half (1 em. long) 
of a No. 00 rubber stopper with two holes was cut off and inserted into the 
sleeve. A glass tube (3 mm. outside diameter) was introduced into one 


"These enzymes were a gift of Dr. S. J. Wakil. 
® General Electric Company, Chemical Division. 
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of the holes, so that it extended about 1.5 cm. down the cuvette. A thin 
flexible rubber tube was connected to the glass tube. A slow stream of 
nitrogen was passed through the tube. ‘The nitrogen was first passed 
through a gas wash bottle containing water at the temperature of the 
sample in the cuvette. The cell was inserted into the Lowry-Bessey (26) 
microcell carrier and covered with a black cloth. With an appropriate 
diaphragm in position (26), 0.8 ml. of sample was needed. Additions were 
made with slender micropipettes or on the tip of a plastic-coated wire 
through the open hole. When a pipette was used, care was taken not to 
inject air in addition to the sample. Flexible rubber should be used for 
all rubber parts of the assembly, and the gas stream should be just enough 
to maintain a slight positive pressure inside the cuvette. Otherwise, addi- 
tions may be difficult, and the volume of the sample may decrease through 
evaporation of liquid. 


SUMMARY 


The oxidation-reductions were studied which occur between substrates, 
acyl dehydrogenases, and electron-transferring flavoprotein (ETF) in the 
dehydrogenation system for fatty acyl derivatives of CoA. The interaction 
of the dehydrogenases with oxidizing and reducing agents was also investi- 
gated. On the basis of the spectral changes which accompany the inter- 
actions of the acyl dehydrogenases with these agents in the presence and in 
the absence of substrate, it is concluded that at all oxidation levels strong 
complexes are formed between enzymes and substrates, which make the 
prosthetic flavins of these enzymes inaccessible. In consequence, the oxi- 
dation state of these enzymes is quasi-“frozen”’ after addition of substrate. 
A considerable portion of the enzyme-bound flavin appears to be stabilized 
in a semiquinoid form. The mode of interaction of ETF with the acyl 
dehydrogenases and with oxidizing and reducing agents and enzyme sys- 
tems was investigated and is discussed. 


The authors are indebted to Dr. D. E. Green, Dr. Jens G. Hauge, and 
Dr. F. L. Crane for many critical discussions during the course of this work 
and to Mrs. Mildred Van De Bogart for preparing the flavoproteins. The 
work was supported by a grant (No. NSF-G1772) from the National 
Science Foundation. 
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ON THE MODE OF ACTION OF X-RAY PROTECTIVE AGENTS 


Il. INTERACTION BETWEEN BIOLOGICALLY IMPORTANT 
THIOLS AND DISULFIDES* 


By LORENTZ ELDJARN anno ALEXANDER PIHL 


(From Norsk Hydro’s Institute for Cancer Research, The Norwegian 
Radium Hospital, Oslo, Norway) 


(Received for publication, September 5, 1956) 


The interaction of thiols with disulfides is generally looked upon as a 
reversible oxidation-reduction reaction, formulated as in Equation 1. 


2XSH + YSSY = XSSX + 2YSH (1) 


Evidence indicates that the reaction actually proceeds according to 
Equations 2 and 3, with the intermediary formation of a mixed disulfide 


(1). 


XSH + YSSY —= XSSY + YSH (2) 
v2 
XSSY + XSH —*: XSSX + YSH (3) 
Ky = K3 = 
ky 


It is generally assumed that in equilibrium mixtures the mixed disulfides 
exist only in catalytic amounts which can be safely neglected in biochem- 
istry. However, recently we were able to isolate substantial amounts of 
mixed disulfides when cystamine was allowed to interact, in vivo or in vitro, 
with the SH groups of proteins and simple thiols (2-4). Simultaneously 
Kolthoff et al. (5) have studied the interaction of cystine with thioglycolic 
acid and with glutathione by measuring the increased solubility of cystine 
in the presence of other thiols and disulfides. By this indirect method 
they obtained the appropriate equilibrium constants K. and K; which 
indicate, as will be shown below, the existence of large equilibrium concen- 
trations of mixed disulfides in these systems as well. 

In the present study of thiol-disulfide interactions procedures have been 
developed which permit, in general, detailed studies of the chemistry of 
mixed disulfide formation. The method involves the isolation and direct 


* Supported by grants from The Norwegian Cancer Society. Part of the data was 
presented at the Proceedings of the Norwegian Biochemical Society, Oslo, June 4-5, 
1956. 
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measurement of the amounts of S*5-labeled mixed disulfide present in 
reaction mixtures. Data will be presented for the systems glutathione 
+ N,N'-diacetyleystamine (GSH + (AcRS)2) and for glutathione + 
cystamine (GSH + RSSR). The high equilibrium concentrations of 
mixed disulfides found at pH 7.4 and 37°, and the rapid rate of formation 
of mixed disulfides under these conditions, seem to require a revision of 
current concepts of thiol-disulfide interactions. 


EXPERIMENTAL 


Cystamine-S*®> was synthesized as previously described (6). N,N}- 
Diacetylcystamine-S** was prepared as follows: 5.6 mg. of cystamine-S* 
and 8.4 mg. of sodium bicarbonate were suspended in 0.25 ml. of acetic 
anhydride and boiled for 3 minutes. As soon as the gas evolution stopped, 
the solvent was removed under reduced pressure. The residue was crys- 
tallized from ethyl] acetate to give 4.2 mg. of N , N'-diacetyleystamine, m.p. 
92—92.5° (reported 87° (7)). 


CsHisO2N282. Calculated, S 26.89; found, 26.80 


Glutathione was purchased from the Nutritional Biochemicals Corporation. 

Experimental Procedure—GSH was incubated with (AcRS*). or RS**S*R 
in oxygen-free phosphate buffer (0.067 M) in a nitrogen atmosphere. The 
water used was distilled several times from hard glass equipment and made 
oxygen-free by boiling and flushing with specially purified nitrogen (O, 
content less than 0.001 per cent). In the rate experiments ethylenedia- 
minetetraacetic acid was also added (final concentration 0.02 m). The 
weighed amounts of the reactants (0.3 to 2 mg.) were placed in the reaction 
vessel and preincubated in the water bath at 37°. At zero time the proper 
amount (2 to 5 ml.) of the oxygen-free phosphate buffer at 37° was added. 

Analytical M ethods—Samples (10 ul.) were removed for analysis by means 
of temperature-equilibrated micropipettes and promptly acidified to pH 2. 
At this pH the thiol-disulfide interaction is negligible, since the ionized 
thiol only enters into the reaction, as will be shown later. The mixed 
disulfides were separated from the other labeled components by paper 
electrophoresis in phthalate buffer at pH 2. Whatman No. 1 paper strips, 
1.8 cm. X 10 cm., were used. The current was 1 ma. per strip, which 
afforded a complete separation in 3 hours and 7 hours in the cystamine 
and N,N'-diacetyleystamine experiments, respectively. The radioac- 
tivity pattern on the paper was obtained graphically by means of a Geiger- 
Miller strip counter, connected with an x-y recorder. The area of each 
peak was obtained by planimetry, and the radioactivity of the mixed 
disulfide was expressed in per cent of the total activity on the paper. This 
procedure permits rapid calculation of the amount of mixed disulfide in 
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micromoles. In Fig. 1 the results of a typical experiment are recorded. 
It is apparent that a clear-cut separation between the mixed disulfide 
(GSS*R) and the other labeled components (RS**S*5R, and RS*5H) is 
obtained under the experimental conditions used. 

Check Hxpertments—The validity of the experimental procedure follows 
from the experiments demonstrated in Fig. 2... No labeled mixed disulfide 


RSSR+RSH 


GSSR 


: } 1000 cpm 
= WA. Wl. 
Fig. 1 Fig. 2 


Fig. 1. The isolation and determination of a mixed disulfide. A, GSH (1 X 10°’ 
mu) and RS*5S*sR (0.5 K 10-3 mM) were incubated at pH 7.4 and 37° for 30 minutes. 
The reaction mixture was acidified and subjected to paper electrophoresis and radio- 
activity measurements as described in the text. B, paper electrophoretogram of 
unlabeled cystamine + cysteamine, stained with ninhydrin. C, paper electro- 
phoretogram of synthetically prepared GSSR. 

Fic. 2. The radioactivity patterns obtained in check experiments. A, GSH (1 X 
10°? m) and RS*5H (1 X 10-3 M) were incubated at pH 7.4 for 30 minutes in the ab- 
sence of oxygen. The reaction mixture was analyzed as described in the text. B, 
GSH (1 X 10-* unlabeled GSSR (1 X 10-3 m), RS*5S?5R (0.5 X 10-3 M), and RS**H 
(0.5 X 10-3 m) were incubated at pH 2 for 30 minutes, and the reaction mixture was 
analyzed. C and D, control electrophoretograms as in Fig. 1. 


was formed when GSH and unlabeled GSSR were incubated with RS*S*R 
and RS**H at pH 2. This demonstrates that under our conditions of 
analysis no measurable interaction occurs between the thiols and the 
disulfides. It can also be seen that no formation of mixed disulfide takes 
place when GSH is incubated for 30 minutes at pH 7.4 and 37° with RS**H 
in the absence of oxygen. This demonstrates that no spontaneous oxida- 
tion occurs under our conditions of incubation. 

Similar check experiments were also carried out for the GSH + (AcRS*5), 
system. In this case the mixed disulfide (GSS**RAc) travels in front of the 
other labeled compounds (AcRS**H and (AcRS*).). 
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Results 


Velocity Experiments—The velocity of mixed disulfide formation was 
found to be markedly dependent on pH, in a manner indicating that in this 
reaction GS~ is the reactive form of the thiol. In order to test this assump- 
tion, the ‘‘initial’’ rate of formation of the mixed disulfide at different pH 
values was measured in the two systems here studied. Initially, when the 
amount of mixed disulfide formed is proportional with time, the reactions 
Ve, V3, and v, (Equations 2 and 3) can be neglected, and the reaction rate is 
equal to v;. Under our conditions of analysis it was possible to measure, 


TABLE 
Reaction Rate of GS~ with RSSR and (AcRS)2 
The initial amounts of mixed disulfide formed in the GSH + RS**S**R and GSH 
+ (AcRS**). systems have been measured at 37° for different pH values. Assuming 
GS~ to be the reactive form of the thiol, the corresponding rate constants (k»v,) have 
been calculated from Equation 4. The GS~ concentration was calculated on the 
basis of pKsy = 8.66 (11, 12). 


GSH + RSSR GSH + (AcRS)2 
GSH, GS-, RSSR, | 103 GSH, (AcRS)2, | 108 
pH 1X 107% | 1X 107-6 | 1 | mole™ pH 1x | 1 K 1076 | 1 K 107% | mole! 
M M M min.~! M M M min.~} 
5.32 1.06 0.485 0.58 526 6.71 2.21 24.5 2.07 1.8 
5.66 1.05 1.05 0.48 414 | 6.89 2.20 36.8 3.80 1.8 
5.73 0.99 1.17 0.58 514 7.18 2.21 40.8 2.15 1.6 
6.51 1.04 7.31 0.55 479 7.25 2.49 93.4 2.17 1.7 


with a satisfactory degree of precision, the formation of mixed disulfide 
when as little as 6 per cent of the initial thiol and disulfide had reacted. 

The approximate rate constants for the assumed reactions of GS~ with 
RSSR and (AcRS)>s, respectively, were accordingly calculated by means of 
Equation 4. 


oe mixed disulfide per min. 
X 


(4) 


It is apparent from Table I that in both systems /,, is independent of pH 
over a wide range of GS~ concentrations, a finding which provides strong 
evidence that the anion is indeed the reactive form of the thiol, as has 
previously been suggested (1, 5). Furthermore, it is apparent that RSSR 
reacts far more rapidly than (AcRS).2, reflecting a great difference in the 
cationoid reactivity of the two disulfides. 
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Equilibrium Constants—When the equilibrium concentrations of mixed 
disulfide in the absence of oxygen have been determined, the equilibrium 
constants can be obtained by several methods. In the present paper use 
is made of separate determinations of Ay = A» Ay, an expedient used by 
Kolthoff e¢ al. (5) in their solubility studies. It follows from Equations 
Yand 3 that Ay is the equilibrium constant of the disulfide system. 


XSSX + Yssy (5) 
In the oxidized glutathione + cystine system (GSSG + CSSC), Kolthoff 


OXYGEN FREE |} OXYGEN 
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MINUTES — HOURS 

Fic. 3. A representative ‘‘two-step’”’ experiment for the determination of equi- 
librium constants. GSH (2.12 107? m) and (AcRS*5). (1.80 K 10-3 M) were incu- 
bated in the absence and subsequently in the presence of oxygen. Samples were 
removed after different lengths of time and analyzed for the content of mixed disul- 
fide. At the second equilibrium no free thiols could be detected by the nitroprusside 
test. 


et al. measured Ky, from disulfide mixtures which had been equilibrated in 
the presence of trace amounts of cysteine (CSH), and in the absence of 
oxygen, for 70 hours to 70 days. However, the disulfide equilibrium can 
be obtained far more rapidly by allowing the thiol to react with the disul- 
fide in the presence of oxygen. Thus, Ay, as well as K2 and K3, can be 
obtained from a single two-step experiment, in which the equilibrium con- 
centrations of mixed disulfide are determined in the absence and subse- 
quently in the presence of oxygen, as will be demonstrated in a subsequent 
example. 

In Fig. 3 the result of a typical experiment is shown. At the disulfide 
equilibrium (in the presence of oxygen) [GSSRAc] was found to be 1.57 X 
10-* um and [AcRSSRAc] to be 1.02 K 10-* m. It follows that the equilib- 
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rium concentration of GSSG = 0.28 K 10°* Mo, and Ay = 8.6 (Equation 
5). The average Ay value obtained in three separate experiments at pH 
7.4 and 37° was 8.87 (8.6, 7.9, 10.1). 

When K, is known, the A, and AK; values can be calculated from the 
equilibrium concentrations of mixed disulfide in the absence of oxygen, 
In the subsequent treatment XSH and YSSY denote the initial concentra- 
tion of the reactants, whereas [XSH] and [YSSY] denote equilibrium con- 
centrations. 

By definition it follows from Equations 2 and 3 that 


[XSSY] x [YSH] 


As = X [YSSY1 
[XSSX] x [YSH] 
As = [XSHI 


Furthermore it follows that 


[XSH] + [YSH] = XSH (8) 
[YSSY] + [XSSY] + [XSSX] = YSSY (9) 
2(XSSX] + [XSSY] + [XSH] = XSH (10) 


By eliminating XSH from Equations 8 and 10, it follows that 


[YSH] — [XSSY] 


[XSSX] = 
2 


(11) 


If Equation 6 is divided by Equation 7, and in the resulting expression 
the terms [XSSX] and [YSSY] are substituted by [XSH], by the use of 
Equations 8, 9, and 11, it can be shown that 


[XSH} = XSH — YSSY + y/ (YSSY — [XSSyY]})2 — — (12) 
4 


By introducing t = [XSSY]/XSH and m = YSSY/XSH, the expres- 


sion simplifies to 
[XSH] 4t? 


From Equation 13, [XSH] can be calculated since m is known and { 
and Ky, have previously been obtained. By means of Equations 8, 9, and 
11, the equilibrium concentrations of all reactants can then be calculated 
and the K values obtained. 

When, for the GSH + (AcRS)2 system, the average Ky, value of 8.9 was 
used, the following equilibrium concentrations were found in the above 
experiment (Fig. 3): [GSSRAc] = 1.02 10-* m; [GSH] = 0.698 M; 
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(AcRSH] = 1.422 &K 10-* mM; [GSSG] = 0.201 K 10-*m. From these values 
K. was found to be 3.57 and K; to be 0.40. In three separate experiments 
the following A values were found: A, = 3.57, 4.90, and 4.21 (average 
4.23); K3 = 0.40, 0.55, and 0.47 (average 0.47). 

From the data on the glutathione + cystamine system, no reliable K 
values could be obtained. This was due to the fact that in this system 
(Fig. 5) the mixed disulfide predominates to the extent that Ky > 13. 
Obviously, under these conditions, when K2 > 1 and K; < 1, small experi- 
mental errors result in large deviations of the calculated K values. 

Equilibrium Values of Mixed Disulfide As Function of Initial Thiol and 
Disulfide Concentrations—The biochemical significance of mixed disulfides 
in thiol-disulfide interactions is not immediately apparent from the K 
values of the systems. It is believed that a better understanding of the 
phenomena is obtained if one of the reactants (e.g. GSH or GSSG) is looked 
upon as a cellular component, a constant amount of which is being exposed 
to increasing amounts of the second reactant (e.g. (AcRS)s or AcRSH). 

Thiol Constant—The case in which the thiol (GSH or CSH) is taken as 
the cellular component will first be considered. 

When K,2 and K; are known, it is possible to calculate the equilibrium 
concentration of mixed disulfide, as well as that of all the other participat- 
ing molecular species, for any desired initial ratio of SS:SH. 

From Equations 8, 9, and 11 it can be shown that 


(XSH] = XSH + A;[XSSY] + 3[XSSY] + (14) 


14/(2XSH + 2K;[XSSY] — [XSSY])? — 4XSH(XSH [XSSY }) 
By equating the Equations 14 and 12, and introducing ¢ and m, the 
following equation is obtained: 
4K; — Ko 
Ks 


t m 
~ DE + (15) 


2—t 1 
(om t) + K;+ 


When in this equation the proper A values are introduced, and m is 
calculated for chosen ¢ values (0 < ¢ < 1), the theoretical curve relating 
the equilibrium concentration of mixed disulfide to the initial SS:SH ratio 
can be constructed. Then, the corresponding equilibrium concentrations 
of the other four participating molecular species are obtained from Equa- 
tions 12, 8, 9, and 11. 

In Fig. 4 the result is shown for the GSH + (AcRS)osystem. It appears 
that, when GSH is kept constant and exposed to increasing concentrations 
of (AcRS)s, the amount of mixed disulfide is continuously increasing. At 
an initial ratio of SS:SH of 5, more than 90 per cent of the GSH is present 
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as mixed disulfide at equilibrium. On the other hand, [GSSG] reaches a 
maximum and then decreases with increasing SS:SH ratio. This finding 
stands in striking contrast to previous views (Equation 1), according to 
which the oxidation of GSH and GSSG should approach completion with 
increasing SS:SH ratio. 

In Fig. 5 the equilibrium concentrations of mixed disulfide in several 
thiol-disulfide systems are shown. It is immediately apparent that RSSR, 
(AcRS)s, and CSSC differ greatly in their ability to form mixed disulfide 


2 GSH+RS'S'R 
[AcRSSRAc] 
1.54 80} GSH+(AcRS'} 
210 [AcRSH] / 
x 
(stl 
| 3 4 1 15 
GSH 
Fic. 4 Fig. 5 


Fic. 4. The equilibrium concentrations of the five constituents involved in the 
GSH + (AcRS):2 system, as a function of the initial (AcRS).:GSH ratio. The curves 
have been calculated on the basis of K: = 4.23 and K; = 0.47, assuming that the 
initial GSH concentration is 1 K 10-3 m. 

Fig. 5. The equilibrium concentrations of mixed disulfide in various thiol-disul- 
fide systems, as a function of the initial SS:SH ratio. X, drawn on the basis of 
experimentally determined values. O, experimentally determined values. The 
curve has been calculated on the basis of Ke = 4.23 and K; = 0.47. Broken lines, 
calculated on the basis of K values given by Kolthoff et al. (5). 


with GSH. ‘The fully drawn curve for the system GSH + (AcRS), has 
been calculated on the basis of the A values determined above. The good 
agreement between this curve and the experimentally determined values 
demonstrates the validity of the present method for the determination of 
equilibrium constants. 

Disulfide Constant—By reading Equations 2 and 3 from right to left and 
using the appropriate equilibrium constants (the inverse values of the ones 
used in the preceding treatment), it is possible to calculate, by the same 
procedure as outlined above, the equilibrium values of all components in 
such a system as a function of increasing initial SH:SS ratio. 

In Fig. 6 the result is shown for the GSSG + AcRSH system. It appears 
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that when GSSG is kept constant and exposed to increasing concentrations 
of ACRSH, [GSSRAc] reaches a maximum and subsequently decreases 
slowly. As a consequence of this, [GSSG] decreases more slowly, and 
[GSH] increases more slowly than would be expected on the basis of pre- 
vious views (Equation 1). ‘Thus, even an 8-fold excess of AcRSH results 
in no more than a 75 per cent reduction of GSSG to GSH. 

In Fig. 7 a comparison is made between several disulfide-thiol systems. 


| CSSC+RSH 
= W) 
AGSSRAc] | X CSSC+GSH 
\{AcRSSRAc] | 
GSSG 
Fria. 6 Fig. 7 


Fig. 6. The equilibrium concentrations of the five constituents involved in the 
GSSG + AcRSH system, as a function of the initial AcRSH:GSSG ratio. The 
curves have been calculated on the basis of Ke = 1/0.47 and K; = 1/4.23, assuming 
that the initial GSSG concentration is 1 X 10-3 mM. 

Fig. 7. The equilibrium concentrations of mixed disulfide in various disulfide- 
thiol systems, as a function of the initial SH:SS ratio. The curve for the CSSC + 
RSH system has been calculated on the basis of K2 = 4.76 and K; = 0.75 (unpub- 
lished experiments). The curve for the GSSG + AcRSH system has been calcu- 
lated on the basis of Ke = 1/0.47 and K; = 1/4.23. Broken lines, calculated on the 
basis of K values given by Kolthoff et al. (5). 


It appears that RSH is better than GSH in forming mixed disulfide with 
CSSC. In all cases the maximal concentration of mixed disulfide is reached 
at an SH:SS ratio between 1 and 2. 


DISCUSSION 


The data presented in this paper establish beyond doubt that, in thiol- 
disulfide equilibria, mixed disulfides may be present in substantial amounts. 
In fact, in certain systems the mixed disulfide may be the predominant 
molecular species in a reaction mixture. Previous failure to recognize 
this fact may be due to the lack of suitable methods for the analysis of 
such complex and reversible thiol-disulfide systems. 
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Several reports have appeared on the isolation of various mixed disulfides 
from natural sources (8, 9), although it may be questioned to what degree 
these disulfides were formed during the isolation procedures. The pres- 
ence of several different forms of the Lactobacillus bulgaricus factor has been 
detected in yeast extracts and in filtrates from bacterial cultures (9), and 
evidence has been presented that these forms represent mixed disulfides 
between pantetheine and various thiols. These observations are not sur- 
prising in view of the present findings. In fact, on the basis of the high 
equilibrium concentrations and the rapid rate of formation of mixed disul- 
fides in the systems here studied, it would be anticipated that in cells and 
tissues a number of mixed disulfides occur as a result of an interaction 
between SH and SS compounds of endogenous or exogenous origin. Ob- 
viously, the biochemical and physiological properties of these chemical 
entities should be carefully studied. Although a considerable amount of 
work has been done on the biochemistry of cysteine and glutathione, the 
biochemical properties of the mixed disulfide between these two compounds 
are entirely unknown. 

In a complex thiol-disulfide equilibrium system containing XSH, XSSX, 
YSH, YSSY, ZSH, ZSSZ ..., as well as the possible mixed disulfides, the 
concentration of all the molecular species present in the final equilibrium 
will be determined by the equilibrium constants, by the initial concentra- 
tions of X¥, Y, Z, and by the ratio of total SS to total SH. Provided the 
reaction rates are relatively high, any variation in the ratio of total SS to 
total SH, effected by oxidation or reduction of any one of the components, 
will necessarily affect the concentration of all the other molecular species. 
This presumably is the situation in cells and tissues in which numerous 
thiols and disulfides may exist in a dynamic equilibrium. It would there- 
fore be expected that in a tissue in which glutathione is either reduced or 
oxidized by specific enzymes, the other accessible disulfides or thiols will, 
by nucleophilic exchange reactions, be similarly affected. It seems proba- 
ble that the known oxidations and reductions of thiols and disulfides zn vivo 
may be effected by such mechanisms. 

The concepts on thiol-disulfide interactions here presented may have 
numerous obvious biochemical implications. The radiobiological signifi- 
cance of our data has been discussed elsewhere (2, 3, 10). In view of the 
present findings it seems necessary to reconsider the actual chemical status 
in biological systems of SH- and SS-containing constituents, such as amino 
acids, peptides, proteins, coenzymes, and pharmaceutical agents. 


SUMMARY 


A study has been made of the chemistry of thiol-disulfide interactions. 
Procedures are presented which, in the systems studied, permit the isola- 
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tion and direct determination of the amount of mixed disulfide present in 
equilibrium mixtures. It is demonstrated that, in mixtures of reduced 
glutathione with cystamine or N,N!'-diacetyleystamine, considerable 
amounts of mixed disulfides are present at equilibrium. 

The rate of interaction of reduced glutathione with cystamine and N ,N'- 
diacetylevstamine, respectively, has been studied at different pH values. 
In both cases the reaction rate was proportional, over a wide range, with 
the concentration of ionized thiol, demonstrating that the anion is the 
reactive form of the thiol. The initial rate of reaction of cystamine with 
reduced glutathione was far greater than that of N ,N'-diacetylcystamine, 
indicating that the cationoid reactivity of disulfides is strongly influenced 
by structural factors. 

A procedure is described which permits, in general, the calculation of the 
equilibrium constants of the two consecutive reactions involved when the 
equilibrium concentrations of mixed disulfide, in the absence and presence 
of oxygen, are known. Furthermore, a method is presented which permits 
the calculation of the equilibrium concentrations of all the participating 
molecular species in the system when the equilibrium constants are known. 

In the reduced glutathione-N , N'-diacetyleystamine system, the appro- 
priate equilibrium constants at pH 7.4 and 37° have accordingly been 
determined, and the equilibrium concentrations of all the participating 
molecular species have been calculated as a function of the initial 
(AcRS)2:GSH and AcRSH:GSSG ratios. Comparisons have been made 
between the equilibrium concentrations of mixed disulfide in several thiol- 
disulfide systems. 

Considerable differences in equilibrium concentrations of mixed disulfide 
are found under comparable conditions in different systems. In each case 
the concentrations are strongly dependent on the initial SH:SS ratio. 
An analysis of the concomitant variations in the other constituents reveals 
relationships which in part are unexpected and stand in striking contrast 
to current views. 

The biochemical significance of the findings is pointed out. It is empha- 
sized that the chemical, physicochemical, and biochemical treatment of 
thiol-disulfide interactions must be based on the fact that two consecutive 
reactions are involved. 
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THE PURIFICATION AND PROPERTIES OF 8-HYDROXY- 
ISOBUTYRIC DEHYDROGENASE* 
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In a recent paper (2), evidence was presented for the occurrence of the 
following reactions in the course of valine metabolism: 
(1) 8-Hydroxyisobutyryl CoA! + H.O — g-hydroxyisobutyrate + CoA 


(2) 8-Hydroxyisobutyrate + DPN*t = methylmalonate semialdehyde 
+ DPNH + H* 


Reaction 1 represents the hydrolytic splitting of HIB CoA by the action 
of a specific deacylase (3), a step which has no known counterpart in the 
metabolic degradation of straight chain 6-hydroxyacyl CoA thiol esters. 
Although HIB CoA is not dehydrogenated by enzyme extracts of animal 
tissues, free HIB is readily dehydrogenated in the presence of DPN to 
furnish methylmalonate semialdehyde, according to Reaction 2. These 
and other findings (2, 4), as indicated below, are believed to be in accord 
with the report of Atchley (5) that 8-hydroxyisobutyrate is converted to 
propionate in washed kidney homogenates and with the finding of Kin- 
nory, Takeda, and Greenberg (6) that C-labeled valine gives rise to radio- 
active HIB as an intermediate in propionate formation. 

The present paper is concerned with the purification and properties of 
HIB dehydrogenase from pig kidney. The 200-fold purified enzyme from 
pig kidney has no detectable activity toward a variety of other hydroxy 
compounds, including 6-hydroxybutyrate and its CoA derivative, and is 
specific for DPN as hydrogen acceptor. 


EXPERIMENTAL 


Enzyme Assay-—H1B dehydrogenase was assayed spectrophotometrically 
by determining the rate of DPN reduction at 340 my. The standard assay 


* Supported by grants from the National Science Foundation and the National 
Institute of Arthritis and Metabolic Diseases (Grant A-993), United States Public 
Health Service. A preliminary report of this investigation was presented at the 
meeting of the American Society of Biological Chemists at Atlantie City, April, 
1956 (1). 

1 The following abbreviations are used: reduced coenzyme A, CoA; thiol ester of 
coenzyme A, acyl CoA; 8-hydroxyisobutyrate, HIB; oxidized diphosphopyridine 
nucleotide, DPN; reduced diphosphopyridine nucleotide, DPNH; oxidized triphos- 
phopyridine nucleotide, TPN; tris(hydroxymethyl)aminomethane, Tris. 
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system contained 500 umoles of Tris buffer, pH 9.0, 10 umoles of ethylene. 
diaminetetraacetic acid (Versene), 1.5 wmoles of DPN, the enzyme prep.- 
aration to be tested, and 10 umoles of HIB (sodium salt) in a cuvette in a 
total volume of 3.0 ml. The rate of DPN reduction after the addition of 
HIB to the reaction mixture was found to be constant for several minutes 
and, as shown in Fig. 1, linear over a 4-fold range of enzyme concentration. 
1 unit of dehydrogenase is defined as the amount which will effect an in- 
crease in optical density of 0.001 per minute under the conditions described. 
The specific activity of the enzyme is expressed as the number of units per 
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Fic. 1. DPN reduction as a function of HIB dehydrogenase concentration. The 
usual assay system was employed with varying amounts of 209-fold purified dehy- 
drogenase. 


mg. of protein. As an alternative enzyme assay procedure the rate of 
DPNH oxidation by synthetic methylmalonate semialdehyde at pH 7.4 
may be determined, but, since the semialdehyde is unstable, the assay in 
which HIB is employed is preferred. 


Preparation of Enzyme 


The steps employed in the purification of the dehydrogenase are sum- 
marized in Table I. All operations were carried out at 0° unless otherwise 
indicated. 

Extraction and Zn++-Alcohol Precipitation-—Each of six 700 gm. portions 
of frozen pig kidney was treated as follows: The minced tissue was homog- 
enized with 700 ml. of 0.03 m potassium chloride in a Waring blendor for 
5 minutes, and the resulting thick suspension was diluted with 700 ml. of 
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0.03 m potassium chloride and 21 ml. of 1 m potassium phosphate buffer, 
pH 7.4, and stirred mechanically for 30 minutes. The preparation was 
chilled in a bath at —5°, and 1400 ml. of alcohol solution (prepared by 
mixing equal volumes of absolute ethanol and 0.03 m potassium chloride), 
previously chilled to —20°, were added slowly with stirring during 30 min- 
utes. After the resulting mixture had been stirred an additional 30 min- 
utes, it was centrifuged at 800 X g for 2 hours at —5°. To the superna- 
tant solution 0.2 m zine acetate was added to a final concentration of 0.005 
wf, and the mixture was stirred for 30 minutes at —5° and centrifuged for 


TaBLeE I 
Partial Purification of HIB Dehydrogenase from Pig Kidne 
Preparation Volume | Protein x Yield 
ml mg i per cent 
9000 50,800 5980 100 | 100 
1680 (21,800 | 5150 236 86 
250 (12,100 4920 407 82 
Alumina Cy supernatant fraction........ 330 | 7,060 4360 617 73 
Alcohol ppt. (10-30%)................... 25 630 1850 | 2,940 31* 
Acetone ** (10-40%)................... 9 250 1200 | 4,810 20 
Ammonium sulfate ppt. (0.4-0.6 satura- 
Alcohol ppt. 1.0 184 | 20,900| 


* An additional fraction containing 1115 X 10° units with a specific activity of 
143 can be obtained by the further addition of alcohol to a concentration of 50 vol- 
umes per cent. 

t A total yield of 6 per cent can be obtained by the further addition of alcohol to 
a concentration of 20 volumes per cent, but the additional enzyme fraction is of 
somewhat lower specific activity. 


2 hours at this temperature at 800 XK g. ‘The resulting precipitate was 
discarded, and an additional amount of 0.2 m zinc acetate was added to 
the light yellow supernatant solution to bring the final concentration to 
0.025 m. The mixture was again stirred and centrifuged at —5°, and the 
precipitate was dissolved in 150 ml. of 0.2 m potassium citrate buffer, pH 
7.4, and dialyzed for 16 hours against 4 liters of 0.01 mM potassium phosphate 
buffer, pH 7.4, and 0.001 m L-cysteine. Six batches furnished 1680 ml. of 
the dialyzed enzyme. The dehydrogenase is unstable at this stage of prep- 
aration when stored for more than a few days. 

Heat Denaturation—560 ml. portions of the enzyme solution were ad- 
justed to pH 6.0 by the addition of 1 m acetic acid, stirred in a stainless 
stee] beaker in a water bath at 70° until the temperature of the solution 
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reached 56°, and then rapidly chilled in an ice bath. ‘The precipitate of 
denatured protein obtained upon centrifugation for 20 minutes at 13,000 
r.p.m. was discarded, and the combined supernatant solution from the 
three batches was brought to a final ammonium sulfate concentration of 
0.37 gm. per ml. (0.7 saturation) by the slow addition of 45.4 gm. of the 
salt per 100 ml. of solution. The mixture was stirred for 30 minutes and 
centrifuged for 20 minutes at 13,000 r.p.m. The precipitate was dissolved 
in 105 ml. of 0.1 m phosphate buffer, pH 7.4, and dialyzed overnight against 
4 liters of 0.01 m phosphate buffer, pH 7.4, and 0.001 m cysteine. 

Treatment with Alumina Cy Gel—250 ml. of alumina Cy gel (7) (7.0 mg. 
per ml.) were centrifuged lightly, and the supernatant fluid was discarded. 
The enzyme solution from the above step (250 ml.) was added to the packed 
gel, and the mixture was stirred for 20 minutes and centrifuged. The 
precipitate was washed with a few ml. of 0.01 mM phosphate buffer, pH 7.4, 
and the combined supernatant solutions were dialyzed overnight against 4 
liters of 0.01 m phosphate buffer, 0.001 m cysteine, and 0.004 Mm magnesium 
chloride. 

Ethanol Fractionation—-The solution from the above step was adjusted 
to pH 6.0 by the addition of 1 m acetic acid, and absolute ethanol at —20° 
was added to a final concentration of 10 per cent by volume. The solu- 
tion was stirred for 20 minutes at —5°, and the precipitate was removed 
by centrifugation at the same temperature. Alcohol was added to the 
supernatant solution to a concentration of 30 volumes per cent, and the 
precipitate obtained upon centrifugation at —5° was dissolved in a mini- 
mal volume of 0.1 m phosphate buffer, pH 7.4, and dialyzed against 4 liters 
of 0.001 m phosphate buffer, pH 7.4, 0.004 m magnesium chloride, and 
0.001 cysteine. 

Acetone Fractionation—-The dialyzed solution from the previous step was 
adjusted to pH 6.0 with 1 Mm acetic acid, the resulting precipitate was dis- 
carded, and acetone (previously chilled to —20°) was then added to a final 
concentration of 10 volumes per cent. The precipitate obtained upon 
centrifugation at —5° was discarded, and the supernatant solution was 
brought to an acetone concentration of 40 volumes per cent. The pre- 
cipitate collected by centrifugation at —5° was dissolved in a minimal 
volume of 0.1 mM phosphate buffer, pH 7.4, and dialyzed against 1 liter of 
0.01 m phosphate buffer, pH 7.4, containing 0.001 M cysteine. 

Ammonium Sulfate Fractionation—The enzyme solution was brought to 
an ammonium sulfate concentration of 0.21 gm. per ml. (0.4 saturation) by 
the addition of a saturated solution of the salt and allowed to stand over- 
night, and the resulting precipitate was discarded. The supernatant so- 
lution was then brought to an ammonium sulfate concentration of 0.32 
gm. per ml. (0.6 saturation) by the further addition of the saturated salt 
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solution, and the mixture was allowed to stand overnight. The resulting 
precipitate was collected by centrifugation and dissolved in about 3 ml. 
of 0.1 M phosphate buffer, pH 7.4, and dialyzed against 800 ml. of a mix- 
ture of the same composition as employed in the previous alcohol frac- 
tionation step. 

Ethanol Fractionation-—The enzyme preparation was adjusted to pH 6.0 
by the addition of 1 M acetic acid, and absolute alcohol at —20° was added 


TaBLeE II 
Distribution of HIB Dehydrogenase 
Source Specific activity 


Pig kidney, heart, and liver were extracted with alcohol in the presence of 0.5 m 
potassium chloride as previously described (8). Acetone powders of rabbit, pigeon, 
and ox liver were extracted by stirring with 0.1 mM potassium phosphate buffer, pH 
7.4, for 30 minutes at 0°. An extract of 7’. pyriformis was prepared by freezing and 
thawing. N. crassa was extracted with alcohol-potassium chloride as described for 
pig liver, and an acetone powder of A. aerogenes was extracted as described for liver 
acetone powders. Spinach leaf was extracted by both the alcohol and acetone pow- 
der procedures. The various extracts were dialyzed overnight at 4° against 0.01 m 
potassium phosphate buffer, pH 7.4, containing 0.001 m cysteine and were assayed 
by the standard spectrophotometric procedure. 


to a final concentration of 10 volumes per cent. The mixture was allowed 
to stand overnight at 0° and was centrifuged at —5°, yielding a white pre- 
cipitate which was dissolved in 1 ml. of 0.1 mM phosphate buffer, pH 7.4, 
and dialyzed overnight against 400 ml. of 0.01 mM phosphate buffer, pH 7.4, 
containing 0.001 m cysteine. The resulting solution of the dehydrogenase 
was clear and colorless. This preparation was found to be stable to stor- 
age at about 0° or in the frozen state at —20°. 

Distribution of Enzyme—HIB dehydrogenase is present in a variety of 
animal tissues, as indicated in Table II. In general, acetone powder ex- 
tracts, alcohol-potassium chloride extracts, and bicarbonate buffer ex- 
tracts of a particular tissue were found to have about the same specific 


| 


B-HYDROXYISOBUTYRIC DEHYDROGENASE 


activity. The presence of the dehydrogenase in a variety of microorgan- 
isms such as Tetrahymena pyriformis, Neurospora crassa, and Aerobacter 
aerogenes suggests that the pathway of valine degradation established for 
animal tissues may be widespread among living organisms. On the other 
hand, the enzyme could not be detected in spinach leaf extracts. 
Physical Constants— HIB dehydrogenase is active over the range pH 7 
to 11, with maximal activity at about pH 9.0, as can be seen in Fig. 2, 
The relation of HIB dehydrogenase activity to the concentration of HIB 
and DPN is shown in Fig. 3. The A,, values, determined by the method 
of Lineweaver and Burk (9), were found to be 1.2 & 10-* m for HIB (with 
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Fic. 2. Enzyme activity as a function of pH. The assay described in the text was 
carried out with 4.2 7 of purified dehydrogenase and with Tris buffers of varying pH, 
as indicated. 


DPN at 5 X 107‘ Mo) and 5.4 for DPN (with HIB at 3.3 
M). 
The equilibrium constant 


(methylmalonate semialdehyde) (DPNH) (H*) 


Kea = 
(HIB) (DPN*) 


was calculated from the data obtained in an experiment in which HIB, 
DPN, and an excess of the purified dehydrogenase were incubated in Tris 
buffer in a cuvette, and the DPNH concentration at equilibrium was 
measured spectrophotometrically. The apparent equilibrium constants, 
hydrogen ion concentration being neglected, were found to be as follows: 
pH 8.0, 3.1 X 10-*; pH 9.0, 3.6 X 10-?; and pH 10.0, 2.2 X 1071. Upon 
correction for the hydrogen ion concentrations, an average K,.q value of 
3.0 X 10-!! was obtained, indicating that the equilibrium position markedly 
favors the reduction of methylmalonate semialdehyde. 
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Inhibitors—Since the dehydrogenase is inactive in the presence of p-chlo- 
romercuribenzoate, iodoacetate, or mercuric ions, it is concluded that 
one or more free sulfhydryl groups are essential for enzymatic activity. 
Whereas the minimal concentration of iodoacetate which will effect com- 
plete inhibition of enzyme activity is 2 X 10~* M, p-chloromercuribenzoate 
is already effective at 1.5 X 1077 M, as indicated in Fig. 4, Curve B. Curve 
( indicates that the enzyme is only slightly protected by incubation with 
HIB prior to the addition of the inhibitor. In contrast, preincubation 
with DPN prior to incubation with the inhibitor (Curve D) results in ac- 
tivity comparable to that in the usual system without inhibitor (Curve A). 
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Fic. 3. HIB dehydrogenase as a function of DPN and HIB concentrations. The 
assay described in the text was used, with 8.4 y of purified dehydrogenase. 


The reaction rate in the standard assay system is unaffected by the addi- 
tion of aldehyde-binding agents such as hydroxylamine and dimedon, or 
by the substitution of phosphate or pyrophosphate buffer for Tris buffer. 
There is no evidence of a metal ion requirement for enzymatic activity, 
even in the presence of Versene; the addition of magnesium ions or of a 
high concentration of sodium ions is without effect. 

Substrate Specificitty—HIB dehydrogenase does not attack HIB when 
TPN is substituted for DPN as hydrogen acceptor. On the other hand, 
none of the following hydroxy compounds is effective in reducing DPN in 
the usual assay system: glycolate, B-hydroxypropionate, HIB CoA, pL-- 
hydroxybutyrate, pi-6-hydroxybutyryl CoA, pt-lactate, pL-homoserine, 
y-hydroxybutyrate, a-methyl-y-hydroxybutyrate, a-hydroxy- ,8-dimethy]- 
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butyrate, d/-pantoate, and y-hydroxyvalerate. The following compounds 
were inactive in effecting the oxidation of DPNH, in contrast to methyl- 
malonate semialdehyde: malonate semialdehyde, a-ketoglutarate, and 
pyridoxal. 


DISCUSSION 


The demonstration of the enzymatic dehydrogenation of HIB is in accord 
with the role of this intermediate in valine metabolism as set forth by 
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Fic. 4. Effect of p-chloromercuribenzoate on the activity of HIB dehydrogenase. 
Curve A represents the rate of DPN reduction upon the addition of 1.5 wmoles of 
DPN and 10 wmoles of HIB (sodium salt) to an enzyme-buffer mixture containing 
4.2 y of purified dehydrogenase, 10 wmoles of Versene, and 500 umoles of Tris, pH 
9.0, in a cuvette in a final volume of 3.0 ml. Curve B indicates inhibition of activity 
when the enzyme-buffer mixture was incubated with 1.5 X 10-7 m p-chloromercuri- 
benzoate for 30 minutes at 25° prior to the addition of 1.5 wmoles of DPN and 10 
umoles of HIB. Curve C indicates only slight protection of enzyme activity in a 
similar experiment in which the enzyme-buffer mixture was incubated for 30 minutes 
with 100 wmoles of HIB prior to incubation with p-chloromercuribenzoate and sub- 
sequent addition of 1.5 4moles of DPN. Curve D, on the other hand, indicates com. 
plete retention of activity in a similar experiment in which the enzyme-buffer mixture 
was incubated with 15 wmoles of DPN prior to incubation with p-chloromercuri- 
benzoate and subsequent addition of 10 wmoles of HIB. 


Atchley (5) and by Kinnory et al. (6). The conversion of the product, 
methylmalonate semialdehyde, to 8-aminoisobutyrate by a transamina- 
tion reaction has also been established.? Possible pathways for the ulti- 
mate formation of propionate (or propionyl CoA) and carbon dioxide from 
the semialdehyde have been discussed previously (2, 4). Although the 
present findings on isobutyrate metabolism and earlier studies on the 
fate of a-methylbutyrate, an intermediate in isoleucine metabolism (10- 


2 Kupiecki, F. P., unpublished experiments. 
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12), provide support for the generalization that a-methyl fatty acids un- 
dergo 8 oxidation (13), it is clear that further steps in the metabolism of 
these two substrates are quite dissimilar. For example, isotopic studies 
have established that the carboxyl, a-, and a-methyl carbon atoms of 
a-methylbutyrate give rise to propionate (10, 11), whereas the carboxy] 
carbon of isobutyrate is lost prior to propionate formation? (5, 6). 

As already noted, the metabolism of HIB differs in several important 
respects from that of 6-hydroxybutyrate. Whereas HIB CoA is hydro- 
lyzed to HIB and CoA by a specific deacylase present in liver, heart, and 
other tissues (3), no such reaction has been reported for straight chain 
s-hydroxyacyl CoA thiol esters. Although HIB CoA has been found not 
to undergo dehydrogenation in the presence of DPN and enzyme extracts 
of various animal tissues, the DPN-dependent dehydrogenation of 8-hy- 
droxybutyryl CoA is well established. Lynen et al. (14), Mahler (15), 
and Wakil et al. (16) have described the isolation and purification of B-hy- 
droxyacyl CoA dehydrogenase from liver, and Stern et al. (17) have noted 
the presence of this enzyme in heart. Finally, HIB dehydrogenase, which 
has been demonstrated in the present study in a variety of animal tissues 
(heart, liver, and kidney), has no activity toward either the straight chain 
isomer or its CoA ester. Lehninger and Greville (18) have made the 
interesting observation that 8-hydroxyacyl CoA dehydrogenase is specific 
for the L(+) stereoisomer, whereas 6-hydroxybutyric dehydrogenase acts 
only on the p(—) form of 8-hydroxybutyrate. More recently, however, 
it has become apparent that p(—)-6-hydroxybutyryl CoA is also convert- 
ible to acetoacetyl CoA, either due to the action of a racemase (19) or of 
an additional specific dehydrogenase (20). Since the asymmetric carbon 
in HIB is not the one which bears the hydroxy group, HIB dehydrogenase 
may prove to have broader stereospecificity than do the enzymes just de- 
scribed. Since pt-HIB was employed in the present study, however, no 
information is yet available upon this point. 


Methods 


DPN and CoA were commercial products. pbL-HIB was synthesized 
and purified as previously described (2). CoA thiol esters of HIB and 
8-hydroxybutyriec acids were prepared by the general method of Wieland 
and Rueff (21). The concentration of thiol esters made in this manner 
was estimated on the basis of sulfhydryl disappearance, as determined by 
the method of Grunert and Phillips (22). The protein concentration of 
the enzyme solutions was determined spectrophotometrically by light ab- 


* Dr. William ©. Rose has informed us in a personal communication of his unpub- 
lished studies in which radioactive valine and isobutyrate are employed. 
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sorption at 280 and 260 mu, with a correction for the nucleic acid content 
(23). 

A culture of 7. pyriformis was kindly furnished by Dr. J. F. Hogg, lyo- 
philized N. crassa by Dr. H. J. Blumenthal, and a culture of A. aerogenes 
by Dr. R. L. Garner. DL-a-Methyl-y-hydroxybutyrate was prepared by 
Mrs. Marilyn R. Loeb, and pi-homoserine was furnished by Dr. J. A, 
Stekol. 


The authors wish to acknowledge the technical assistance of Mrs. Mary 
Januszka. 
SUMMARY 


1. 6-Hydroxyisobutyric dehydrogenase, which catalyzes the following 
reaction, has been purified over 200-fold from pig kidney extracts: 


8-Hydroxyisobutyrate + DPN+ = methylmalonate semialdehyde + DPNH + Ht 


The dehydrogenase, which is assayed spectrophotometrically by oxidized 
diphosphopyridine nucleotide (DPN) reduction, has also been shown to be 
present in extracts of heart, liver, Tetrahymena pyriformis, Neurospora 
crassa, and Aerobacter aerogenes. 

2. The enzyme has optimal activity at about pH 9.0 and a high affinity 
for its substrates, as indicated by A,, values of 1.2 K 10-4 m for B-hydroxy- 
isobutyrate and 5.4 K 10-> mMfor DPN. The equilibrium constant, hydro- 
gen ion concentration being taken into account, is 3 & 10-", indicating 
that the equilibrium position markedly favors the reduction of methyl- 
malonate semialdehyde. 

3. The dehydrogenase is sensitive to sulfhydryl-binding reagents such 
as p-chloromercuribenzoate, but preincubation with DPN protects against 
loss of activity. | 

4. The purified enzyme exhibits no activity toward glycolate, B-hydroxy- __ 
propionate, 8-hydroxyisobutyryl coenzyme A (CoA), 6-hydroxybutyrate, 
8-hydroxbutyryl CoA, and a variety of other compounds and is inactive | 
when oxidized triphosphopyridine nucleotide is substituted for DPN. — 
On the other hand, 6-hydroxyisobutyryl CoA is not oxidized by heart 
extracts known to contain 6-hydroxyacyl CoA dehydrogenase. 
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ENZYMATIC HYDROLYSIS OF THE COENZYME A THIOL 
ESTERS OF s6-HYDROXYPROPIONIC AND 
B-HYDROXYISOBUTYRIC ACIDS* 


By GEORGE RENDINAf ano MINOR J. COON 


(From the Department of Biological Chemistry, Medical School, University of 
Michigan, Ann Arbor, Michigan) 


(Received for publication, September 24, 1956) 


Enzymatic studies on the role of CoA! in valine metabolism, as described 
in a recent paper (2), have led to the proposal of the following reaction 
sequence: 


(1) 7 Isobutyryl CoA = methacrylyl CoA (+2H) 
(2) Methacryly] CoA + H.0 @ 8-hydroxyisobutyryl] CoA 
(3) 8-Hydroxyisobutyryl CoA + H:.O — g-hydroxyisobutyrate + CoA 
(4) 8-Hydroxyisobutyrate + DPN*+ = 
methylmalonate semialdehyde + DPNH + Ht 


Isobutyryl CoA, formed by deamination and oxidative decarboxylation 
of valine, is dehydrogenated to furnish methacrylyl CoA (Reaction 1), and 
the latter compound is hydrated by unsaturated acyl CoA hydrase (cro- 
tonase) to yield HIB CoA (Reaction 2). Under certain conditions, as 
described below, the hydration also occurs in the absence of added enzyme. 
Since HIB is readily dehydrogenated to furnish methylmalonate semialde- 
hyde (Reaction 4), it has been postulated (2, 3) that HIB CoA must un- 
dergo enzymatic loss of the CoA group as indicated by Reaction 3. 

The presence in animal tissues and certain microorganisms of an enzyme 
which catalyzes this hydrolytic step is demonstrated in the present paper. 
The enzyme, for which the name HIB CoA deacylase is proposed, also 
hydrolyzes 8-hydroxypropionyl CoA, a postulated intermediate in the con- 
version of propionate to malonate semialdehyde and 8-alanine. 


* Supported by grants from the National Science Foundation and the National 
Institute of Arthritis and Metabolic Diseases (Grant A-993), United States Public 
Health Service. A preliminary report of this investigation was presented at the 
meeting of the American Chemical Society at Dallas, April, 1956 (1). 

t Fellow of The National Foundation for Infantile Paralysis. 

1 The following abbreviations are used: reduced coenzyme A, CoA; 8-hydroxyiso- 
butyrate, HIB; thiol ester of coenzyme A, acyl CoA; oxidized diphosphopyridine 
nucleotide, DPN; reduced diphosphopyridine nucleotide, DPNH; tris(hydroxy- 
methyl)aminomethane, Tris. 
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EXPERIMENTAL 


Enzyme Assay—The assay is based on the enzymatic hydrolysis of HIB 
CoA, followed by deproteinization and estimation of sulfhydry] groups lib- 
erated. To a reaction mixture containing 200 wmoles of acetate buffer, 
pH 5.6, 20 umoles of ethylenediaminetetraacetic acid (Versene), 120 y of 
crystalline unsaturated acyl CoA hydrase (crotonase), and 2 umoles of 
synthetically prepared methacrylyl CoA, the deacylase enzyme preparation 
to be assayed was added, and the volume was adjusted to 2.0 ml. with 
water. The tube was flushed with nitrogen, stoppered, and incubated at 
25° for 15 minutes. At the end of this time the incubation mixture was 
deproteinized by the addition of 1.0 ml. of 9 per cent metaphosphoric acid. 
The mixture was centrifuged, and an aliquot of the supernatant solution 
was used for the determination of sulfhydryl groups by the colorimetric 
method of Grunert and Phillips (4). Controls without added substrate 
were included, and the small sulfhydryl values found for them were sub- 
tracted from the amounts found in the other tubes. In the absence of 
added deacylase, no sulfhydryl liberation was detectable. Over a limited 
range the amount of sulfhydryl groups released under the conditions of the 
assay was found to be dependent on the concentration of the deacylase. 
The protein concentration of the enzyme solutions was determined spectro- 
photometrically at 280 and 260 my with a correction for the nucleic acid 
content (5). 

Preparation of Enzyme—The following operations were carried out at 
0° unless otherwise indicated. 2800 ml. of a dialyzed alcohol-potassium 
chloride extract of pig heart prepared as previously described (6) were 
adjusted to pH 4.9 with 1 M acetic acid. The solution was brought to an 
ammonium sulfate concentration of 0.26 gm. per ml. (0.5 saturation), and 
the precipitate obtained upon centrifugation was discarded. Additional 
solid ammonium sulfate was added to the supernatant solution to bring 
the concentration of the salt to 0.45 gm. per ml. (0.85 saturation), and the 
mixture was allowed to stand overnight before centrifugation. The pre- 
cipitate was dissolved in a minimal volume of 0.1 M potassium phosphate 
buffer, pH 7.4, and dialyzed for 24 hours against 4 liters of 0.025 m Tris 
buffer, pH 7.4, 0.04 mM potassium chloride, 0.002 m Versene buffer, pH 7.4, 
and 0.001 m cysteine. The pH of the dialyzed solution was adjusted to 
4.9, the precipitate obtained upon adding solid ammonium sulfate to 0.5 
saturation was discarded, and the protein fraction obtained by increasing 
the salt concentration to 0.37 gm. per ml. (0.7 saturation) was collected 
and dialyzed as described above. 203 ml. of calcium phosphate gel (7) 
(16.4 mg. per ml.) were added to the enzyme solution with stirring over | 
hour, the mixture was centrifuged, and the supernatant solution was dis- 
carded. The enzyme was eluted with 200 ml. of 0.3 m potassium phosphate 
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buffer, pH 7.8; after centrifugation to remove the gel, the solution was 
brought to an ammnoium sulfate concentration of 0.32 gm. per ml. (0.6 
saturation), and the resulting precipitate was discarded. A precipitate 
subsequently obtained by raising the salt concentration to 0.39 gm. per 
ml. (0.75 saturation) was collected and dialyzed against 1 liter of the mix- 
ture described above. The resulting enzyme preparation was found to be 
purified 4-fold and to contain about 20 per cent of the enzyme units in the 
initial extract. 

The solution was adjusted to pH 5.1 by the addition of acetic acid, and 
ethanol (previously chilled to —5°) was added with stirring. The pre- 
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Fic. 1. Sulfhydryl release as a function of pH. The assay described in the text 
was employed with heart alcohol-potassium chloride extract (2.4 mg. of protein) and 
acetate buffers of varying pH as indicated. 


cipitate obtained upon centrifugation at —5° was dissolved in the usual 
manner and dialyzed against 2 liters of the buffer mixture already described. 
6; ml. of calcium phosphate gel were added, the supernatant solution was 
discarded, and the enzyme was eluted with 6 ml. of 0.3 m phosphate buffer, 
pH 7.8. After repetition of this adsorption and elution step, the deacylase 
was found to be purified about 8-fold over the heart extract, but with a 
recovery of only about 6 per cent of the enzyme. This deacylase prepara- 
tion was stable when stored in the frozen state. 

pH Optimum—As indicated in Fig. 1, the deacylase is active in the 
range pH 5 to 6, the optimal value being about 5.6. Since an excess of 
crotonase was added in the assay system, and since this enzyme has ap- 
preciable activity at pH 5.6 (8), the data presented are believed to repre- 
sent the influence of the hydrogen ion concentration on the deacylase 
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alone. Apparently the failure of several early attempts to demonstrate 
the action of the deacylase by coupling Reactions 3 and 4 and measuring 
DPN reduction spectrophotometrically may be attributed to the insig- 
nificant activity of the deacylase at the alkaline pH necessary for maximal 
dehydrogenase activity (9). 

Sulfhydryl Release from Thiol Esters in Presence of Crolonase and Deac- 
ylase—In contrast to other a,8-unsaturated thiol esters, acrvlyl CoA and 
methacrylyl CoA readily undergo spontaneous hydration. After brief in- 
cubation of the latter compound in the absence of enzyme, HIB CoA forma- 
tion was demonstrated by paper chromatography of the thiol esters and 
of the corresponding hydroxamic acids (2). This spontaneous hydration 
is apparently less rapid, however, than that catalyzed by crotonase (8), 
The reversibility of the non-enzymatic hydration was demonstrated in an 
experiment in which synthetically prepared HIB CoA was submitted to 
paper chromatography in ethanol-acetate (10) and found to contain meth- 
acrylvl] CoA 0.43) in addition to the HIB CoA component 0.85). 
Since solutions of svnthetically prepared methacryly] CoA or HIB CoA 
apparently contain both of these materials after brief standing, either of 
these preparations can serve as a substrate for the deacvlase assay; cro- 
tonase is routinely added, however, to insure the rapid attainment of an 
equilibrium mixture. Acrylyl CoA also appears to hydrate spontaneously, 
for two components can be detected when the freshly prepared thiol ester 
is treated with hydroxylamine (11) and the products are submitted to 
paper chromatography in water-saturated butanol. After treatment with 
the usual iron reagent, acrylohydroxamate (2, 0.60) was identified, as well 
as a fainter spot (2, 0.36) believed to represent 8-hydroxypropionohy- 
droxamate. As anticipated, only the unsaturated derivative exhibited 
ultraviolet absorption prior to color development. 

Typical results indicating that the hydroxy thiol esters, rather than the 
corresponding unsaturated compounds, are the substrates for deacylase 
action are presented in Table I. The findings in Experiment 1 indicate 
that sulfhydryl release from freshly prepared methacrylyl CoA was insig- 
nificant, except upon the addition of crystalline crotonase to permit forma- 
tion of HIB CoA. On the other hand, HIB CoA served as a substrate for 
deacylase action in the absence of added crotonase. The release of addi- 
tional sulfhydryl from HIB CoA when crotonase was added is believed to 
indicate that the synthetic substrate had undergone spontaneous dehydra- 
tion to some extent prior to incubation with the deacylase. 

Similar results were obtained, indicating that acrylyl CoA undergoes 
hydration prior to splitting of the thiol ester linkage (Experiment 2). 
Sulfhydryl liberation from acrylyl CoA was increased over 3-fold by the 
addition of crotonase, presumably because of 8-hydroxypropionyl CoA 
formation, whereas a synthetic preparation of the latter compound fur- 
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nished 0.34 umole of sulfhydryl in the absence of added crotonase. In 
contrast to these findings, acrylyl CoA has been reported not to be hy- 
drated by crotonase as tested by the optical method (8). It is suggested, 
therefore, that the equilibrium of this reaction may favor acrylyl CoA and 
that hydration can be demonstrated only when 8-hydroxypropiony! CoA 
is removed by deacylase action. The results indicate that sulfhydryl] lib- 
eration from HIB CoA (generated from 6 ymoles of methacrylyl CoA) was 
considerably greater than from 8-hydroxypropionyl CoA similarly formed 
from 6 pmoles of acrylyl CoA. 

Equivalence of Thiol Ester Disappearance and Sulfhydryl Liberation from 
HIB CoA—The enzymatic hydrolysis of the thiol ester bond can be demon- 


TABLE I 


Sulfhydryl Release from Thiol Esters by Action of Deacylase 
in Presence or Absence of Crotonase 


Experiment No. | Substrate | Crotonase added | Sulfhydry] released 

| | | umoles 

l Methacrylyl CoA | - | 0.03 
| | 0.36 

| HIB CoA | — 0.26 

0.47 

2 Acrylyl CoA -- 0.16 
| “¢6 +- 0.53 

| 8-Hydroxypropionyl CoA 0.34 

| + 0.45 

| Methacrylyl CoA + 1.82 


The standard assay conditions described in the text were employed, except that 
600 7 of crotonase were added where indicated, and 2 umoles of each thiol ester were 
employed in Experiment 1 and 6 umoles in Experiment 2. 


strated spectrophotometrically at 225 to 228 my, which is the absorption 
maximum attributable to this group in both methacrylyl CoA and HIB 
CoA. A-second absorption maximum at about 257 my observed in aqueous 
solutions of methacrylyl CoA is apparently due to diene conjugation be- 
tween the 2-ethylenic bond and the carbony] double bond of the thiol ester, 
as found by Seubert and Lynen (12) for S-crotonyl-N-acetylthioethanol- 
amine and by Stern et al. (13) for crotonyl CoA. By measurement of the 
decrease in absorption at 228 my the splitting of the thiol ester linkage 
was shown to require the addition of crotonase as well as of deacylase (Fig. 
2, Curve A). As anticipated, in the presence of crotonase alone there was 
no significant change (Curve B). 

In other experiments thiol ester disappearance, as judged by colorimetric 
determination of hydroxamate-forming material, was shown to be equiva- 
lent to sulfhydryl release (Table II). These values, corrected for slight 
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changes in a control experiment in which crotonase was omitted, were 1.4 
and 1.3 wmoles, respectively. As expected, incubation of the substrate 
with heat-inactivated deacylase (supplemented with crotonase) resulted in 
neither thiol ester loss as determined by the hyvdroxamate procedure nor 
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Fic. 2. Enzymatic hydrolysis of HIB CoA thiol ester as a function of time. Curve 
A indicates that the addition of 0.5 umole of methacrylyl CoA to a mixture containing 
200 umoles of acetate buffer, pH 5.6, 20 umoles of Versene, and 48 y of partially puri- 
fied deacylase in a cuvette in a final volume of 3.0 ml. caused little decrease in optical 
density. However, upon the further addition of 12 y of crystalline crotonase (at the 
arrow) to permit hydration of the substrate, deacylase action resulted in rapid split- 
ting of the thiol ester linkage. Curve B represents a similar experiment in which 
the deacylase was omitted; under these conditions crotonase had no significant 
effect. 


TABLE II 
Equivalence of Thiol Ester Disappearance and Sulfhydryl Liberation 
Enzyme added Thiol ester lost Sulfhydry! formed 
pmoles pmoles 
“4 (heat-inactivated) + crotonase......... 0) | 0 


The complete system was similar to that employed in the standard assay, but 
with 5 wmoles of methacrylyl CoA added in each case and crotonase (0.60 mg. of 
protein) and deacylase (0.17 mg. of protein) where indicated. After incubation of 
the reaction mixture for 15 minutes, aliquots were taken for determination of sulf- 
hydryl released and thiol ester remaining, the latter being determined colorimetri- 
cally by conversion to the hydroxamate (14) and comparison with a methacrylohy- 
droxamate standard, 
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sulfhydryl formation. ‘These findings are in complete accord with a sim- 
ple hydrolytic mechanism for the action of the deacylase. 

Identification of HIB As Product of Deacylase Action—HIB was identi- 
fied as the product of deacylase action by utilizing the highly specific 
DPN-dependent HIB dehydrogenase previously purified in this labora- 
tory (9). Methaerylyl CoA was incubated with crotonase and the de- 
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Fic. 3. Reduction of DPN by HIB (liberated from HIB CoA) as a function of 
time. A reaction mixture containing 200 umoles of acetate buffer, pH 5.6, 20 uwmoles 
of Versene, 5 wmoles of methacrylyl CoA, crystalline crotonase (0.6 mg. of protein), 
and deacylase (0.86 mg. of protein) in a final volume of 2.0 ml. was incubated for 15 
minutes at 25°. After the addition of 0.1 ml. of 30 per cent trichloroacetic acid, the 
protein precipitate was removed, and 0.1 ml. of 3.6 M potassium hydroxide was added 
to the solution. To 2.0 ml. of this mixture were added 500 umoles of Tris buffer, pH 
9.0, 10 umoles of Versene, 2.5 umoles of DPN, and 200-fold purified HIB dehydrogen- 
ase (17 y of protein). Curve A represents the rate of DPN reduction under these 
conditions due to the occurrence of Reaction 4, Curve B indicates that the omission 
of crotonase from the initial reaction mixture resulted in a sharply decreased rate, 
and Curve C indicates no significant reaction when the deacylase was omitted. 


acylase under the usual conditions at pH 5.6, and the solution was then 
deproteinized and adjusted to pH 9.0 prior to addition of the dehydro- 
genase. The resultant DPN reduction, attributable to Reaction 4, estab- 
lished the presence of free HIB (Fig. 3, Curve A). Only relatively small 
amounts of HIB were detected, however, upon omission of crotonase 
(Curve B) or deacylase (Curve C) from the reaction mixture. 

Substrate Specificity—The only compound other than HIB CoA which 
has been found to serve as a substrate for the deacylase is 6-hydroxypro- 
pionyl CoA. Sulfhydryl is liberated from the latter compound (in the 
usual assay system containing crotonase) at about one-third the rate ob- 
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served for HIB CoA. On the other hand, the CoA thiol esters of the fol- 
lowing acids exhibited no measurable activity when tested at the level of 
2 umoles: glycolic, pi-lactic, a-hydroxyisobutyric, dl-6-hydroxybutyric, 
8-hydroxy-8-methylglutaric, acetic, propionic, isobutyric, succinic, cro- 
tonic, senecioic, and B-methylenebutyric. The enzyme also appears to be 
highly specific for the thiol portion of the substrate, for no activity was 
detected with 2 umoles of the HIB thiol esters of thioglycolic acid, cysteine, 
thiomalic acid, glutathione, or pantetheine. HIB CoA deacylase also 


TaBLe III 
Distribution of HIB CoA Deacylase 
Source Sulfhydryl released* 


Pig heart, liver, brain, and kidney, and N. crassa were extracted with alcohol in 
the presence of 0.5 Mm potassium chloride as previously described (6). Bakers’ yeast 
treated with liquid nitrogen was extracted with alcohol-potassium chloride or with 
0.1 m Tris buffer, pH 8.1. An acetone powder of A. aerogenes was extracted by stir- 
ring with 0.1 m potassium phosphate buffer, pH 7.4, for 30 minutes at 0°. An extract 
of T. pyriformis was prepared by freezing and thawing. The various extracts were 
dialyzed overnight at 4° against 0.1 M potassium phosphate buffer, pH 7.4, contain- 
ing 0.001 m cysteine, and were assayed for deacylase activity by the procedure de- 
scribed in the text. 

* The activities are expressed as micromoles of sulfhydry] liberated per 10 mg. of 
protein during a 20 minute incubation. 


fails to attack the glutathione thiol esters of acetic, lactic, propionic, cro- 
tonic, and butyric acids. ‘These results indicate that HIB CoA deacylase 
is distinct from thiol esterases in animal tissues previously described by 
others (15-19) and in addition rule out the possibility that the mechanism 
of the deacylation involves transfer of the HIB residue of HIB CoA to 
thiols such as cysteine or glutathione. 

Distribution of Enzyme—The various tissues listed in Table III were as- 
sayed for deacylase activity as described above. All of the pig tissues 
tested effected sulfhydryl] liberation, and the enyzme was also found to be 
present in ox, rabbit, and pigeon liver extracts. Activity was not detected 
in yeast or in Aerobacter aerogenes extracts, but the deacylase is apparently 
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present at a relatively high level in extracts of Tetrahymena pyriformis and 
Neurospora crassa. Since substrate specificity was determined only with 
the pig heart preparation, it cannot be stated at the present time whether 
the activity demonstrated in the other sources is due to an HIB CoA de- 
aevlase or to a less specific enzyme. 


DISCUSSION 


The action of HIB CoA deacylase, as established above, has no known 
counterpart in the metabolic degradation of straight chain 8-hydroxyacy] 
CoA thiol esters. Since HIB, but not HIB CoA, is a substrate for de- 
hydrogenation (Reaction 4), it is evident that this hydrolytic step is ob- 
ligatory in valine metabolism and therefore to be distinguished from acetyl] 
CoA deacylase (16), for example, which serves no apparent metabolic 
function. ‘The demonstration of the enzymatic formation of free HIB is in 
complete accord with the role of this compound in valine metabolism as 
set forth by Atchley (20) and by Kinnory ef al. (21). Possible mechanisms 
for the ultimate formation of propionate (or propionyl CoA) and of B-ami- 
noisobutyrate from methylmalonate semialdehyde have been discussed pre- 
viously (2, 3). 

The finding that HIB CoA deacylase also attacks B-hydroxypropionyl 
CoA suggests that the latter compound may be of metabolic importance. 
The following scheme indicates a possible series of reactions in propionate 
metabolism analogous to that now known for valine degradation: 


CO—SCoA CO—SCoA CO—SCoA CO; CO; CO 


CH, CH S CH, CH; CH.ts CH; 


| | 
CH, CH: CH.OH CHO CH,NH,+ 


Propionyl CoA, known to be formed in animal tissues by propionate ac- 
tivation (22) and as a product of isoleucine metabolism (23), is considered 
to undergo dehydrogenation to furnish acrylyl CoA by analogy to the cor- 
responding reaction with longer straight chain fatty acid thiol esters of 
CoA (12, 24, 25).2. This product in turn yields 6-hydroxypropionyl CoA 
by the action of crotonase and 6-hydroxypropionate by deacylase action 
as shown in the present paper. Preliminary evidence obtained in this 
laboratory indicates that B-hydroxypropionate, which is not attacked by 
purified HIB dehydrogenase, is dehydrogenated by a specific DPN-de- 
pendent kidney enzyme to furnish malonate semialdehyde.’ Finally, a 


? Dr. Helmut Beinert has informed us in a personal communication that of the 
purified flavoproteins from pig liver only the green butyryl dehydrogenase shows a 
trace of activity toward propiony! CoA and that this is less than 0.02 the activity ob- 
served with butyryl CoA. 

? Robinson, W. G., unpublished experiments. 
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partially purified preparation of B-aminoisobutyric glutamic transaminase 
has been found to catalyze the following reversible reaction: malonate semi- 
aldehyde + glutamate = §-alanine + a-ketoglutarate.4 Other investiga- 
tors have previously obtained evidence for the transamination of B-alanine 
with a-ketoglutarate (26) and for the formation of 8-alanine by a different 
pathway from dihydrouracil (27). In contrast to the proposed series of 
reactions leading to 8-alanine in animal tissues, it has recently been re- 
ported by Stadtman (28) that 6-alanyl CoA is formed in Clostridium pro- 
pionicum extracts from acrylyl CoA by the direct addition of ammonia. 
The postulated reaction sequence is obviously quite distinct from the pro- 
pionate pathway involving carboxylation to yield succinate, which is known 
to require adenosine triphosphate, as shown by Lardy and his associates 
(29, 30), and to involve methylmalonate as an intermediate, as demon- 
strated by Flavin et al. (31, 32) and by Katz and Chaikoff (33). An alter- 
native pathway of propionate metabolism involving a oxidation to yield 
acrylate, lactate, and pyruvate has been proposed by other investigators 
(34-36). 


Methods 


dl-8-Hydroxyisobutyric acid synthesized according to the method of 
Blaise and Herman (37) was recrystallized as the sodium salt from 95 per 
cent ethanol and recovered as the free acid by acidification with hydro- 
chloric acid and extraction with ether. The purity of this product was 
established by paper chromatography of the acid and of the hydroxamate 
and by determination of the neutralization equivalent (2). CoA, DPN, 
and 8-hydroxypropionic, acrylic, and methacrylic acids were commercial 
products; the latter two compounds were distilled prior to their use. Pan- 
tetheine was prepared by reduction of pantethine, a commercial product, 
with sodium borohydride. The CoA thiol esters of acetic and succinic 
acids were made from the corresponding acid anhydrides according to 
Simon and Shemin (38), and the other thiol esters were prepared by the 
general method of Wieland and Rueff (39). The concentration of solutions 
of thiol esters made in this manner was assumed to correspond to CoA 
sulfhydryl disappearance, as determined by the method of Grunert and 
Phillips (4). 

Crystalline crotonase was prepared in this laboratory according to the 
directions of Stern et al. (13) and 209-fold purified HIB dehydrogenase as 
described in a previous paper (9). 

A culture of T. pyriformis was kindly furnished by Dr. J. F. Hogg, lyo- 
philized N. crassa by Dr. H. J. Blumenthal, and a culture of A. aerogenes 
by Dr. R. L. Garner. 


‘ Kupiecki, F. P., unpublished experiments. 


G. RENDINA AND M. J. COON 533 


The authors wish to acknowledge the technical assistance of Mrs. Mary 
Januszka. 


SUMMARY 


|. 6-Hydroxyisobutyry! reduced coenzyme A, an intermediate in valine 
metabolism, undergoes hydrolysis by heart enzyme preparations to furnish 
reduced coenzyme A (CoA) and 8-hydroxyisobutyrate. Since the latter 
compound, unlike its CoA thiol ester, is further attacked by an oxidized 
diphosphopyridine nucleotide (DDPN)-dependent dehydrogenase present in 
a variety of animal tissues, this hydrolytic reaction appears to be an obliga- 
tory step in the catabolism of the amino acid. 

2. The optimal pH for the action of 6-hydroxyisobutyryl CoA deacylase 
is about 5.6. Since 8-hydroxyisobutyric dehydrogenase has little activity 
at this low pH, the coupled action of these two enzymes can best be demon- 
strated by incubating the reaction mixture first at pH 5.6 and subsequently 
at pH 9.0. 

3. As judged by sulfhydryl release, 6-hydroxyisobutyryl CoA is also 
hydrolyzed by enzyme extracts of liver, kidney, brain, Tetrahymena pyri- 
formis, and Neurospora crassa. 

4. An 8-fold purified preparation of the deacylase from pig heart was 
found to hydrolyze 6-hydroxypropionyl CoA, but to have no measurable 
activity toward the CoA thiol esters of glycolic, lactic, 8-hydroxybutyric, 
a-hydroxyisobutyric, $-hydroxy-8-methylglutaric, acetic, succinic, and 
other acids. The enzyme is also highly specific for the thiol portion of the 
substrate, for no activity was detected with the 6-hydroxyisobutyric thiol 
esters of glutathione, pantetheine, thioglycolic acid, cysteine, or thiomalic 
acid, 

5. On the basis of these and other findings the following reactions, anal- 
ogous to those now established for valine degradation, are proposed for the 
conversion of propionate to B-alanine: (a) the oxidation of propiony] CoA 
to acrylyl CoA, (b) the hydration of acrylyl CoA by a,8-unsaturated acy] 
CoA hydrase to furnish B-hydroxypropionyl CoA, (c) the hydrolysis of the 
thiol ester linkage by the deacylase, thereby generating 6-hydroxypro- 
pionate, (d) the DPN-dependent oxidation of 8-hydroxypropionate to 
malonate semialdehyde, and (e) transamination between the semialdehyde 
and glutamate to furnish B-alanine and a-ketoglutarate. 
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SUCCINATE-REQUIRING MUTANTS OF 
NEUROSPORA CRASSA* 
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The succinate-requiring mutants of Neurospora crassa (suc) have the 
following properties (1): (a) a dicarboxylic acid must be added in small 
quantity to the medium to permit immediate growth; (b) in the absence of 
a nitrogen source, acetate oxidation by the mutants is as rapid as in the 
wild type, and this oxidation is completely inhibited by fluoroacetate with 
concomitant citrate accumulation; (c) in the presence of ammonium or 
nitrate ions, but not in their absence, the mutant accumulates pyruvic acid, 
a-ketoisovaleric acid, and acetylmethylcarbinol when incubated with 
sucrose in buffer; and (d) ammonium ion inhibits carbohydrate oxidation 
by the mutant and is an inhibitor of growth. In order to explain these 
data, it was presumed that ammonium ions brought about the withdrawal 
of an already limited supply of dicarboxylic acid, thereby preventing 
catalysis of the tricarboxylic acid cycle and causing the accumulation of 
non-oxidized fragments of sugar metabolism such as ketones and keto acids. 
This mechanism is similar to that suggested by Recknagel and Potter (2) 
to account for the ketogenic effect of ammonium ions in liver slices. How- 
ever, it was still necessary to identify the reactions leading to a dicar- 
boxylie acid deficiency in the suc mutants. As a result of the present 
studies it is apparent that the major deficiency in the succinate-requiring 
mutants is in an OAA! carboxylase system. The relative deficiency of 
dicarboxylic acid which results from this lesion in a mechanism of carbon 
dioxide fixation leads to the mutant properties described above. 


Materials and Methods 


The wild type and succinate-requiring strains of Neurospora crassa (suc 
and at-suc) used in these experiments were identical with those used pre- 
viously (1). The sue mutants behave as typical single gene mutants in 


* Supported in part under contract No. AT(30-1)1138 between Syracuse Uni- 
versity and the Atomic Energy Commission, and by a grant from the National Sci- 
ence Foundation. 

1The following abbreviations are used throughout: adenosine monophosphate, 
AMP; adenosine triphosphate, ATP; diphosphopyridine nucleotide, DPN; reduced 
glutathione, GSH; oxalacetic acid, OAA; triphosphopyridine nucleotide, TPN; tri- 
chloroacetic acid, TCA. 
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crosses. The al-suc strain represents an independent occurrence of the 
suc mutation in a strain (74A) of different genetic background from the 
original suc mutants. The af-suc strain carries in addition a second muta- 
tion which inhibits the sue growth response to acetate and glutamate (1), 
This independent occurrence of the suc mutation was used as a control, in 
the absence of data on the segregation of enzyme activities, to insure 
that the effects noted below were due to the suc mutation itself and not to 
the unique genetic background of a particular suc strain. Conidia were 
prepared and incubated as previously described (1). Cell-free extracts 
were made by collecting material grown 3 days at 28° on a shaker in 
minimal medium (3) supplemented with acetate, washing the mycelium 
obtained with glass-distilled water, grinding with alumina? in 0.067 m 
potassium phosphate buffer at pH 6.9, and centrifuging for 30 minutes at 
25,000 X g in an International refrigerated centrifuge at 0°. The super- 
natant material was used as a crude extract. 

In some cases an ammonium sulfate precipitate dissolved in potassium 
phosphate buffer was used as an enzyme preparation. Saturated am- 
monium sulfate solution was added to the crude extract to 50 per cent 
saturation. ‘The mixture was centrifuged and the residue discarded. Suf- 
ficient ammonium sulfate solution was added to bring the solution to 75 
per cent saturation. ‘The resulting precipitate was collected, drained, and 
taken up in potassium phosphate buffer, pH 6.9. Where indicated, the 
preparation was dialyzed overnight in the cold against 0.05 m potassium 
phosphate buffer, pH 6.9. 

Carbon dioxide fixation into OAA by cell-free extracts was determined 
by adding a solution of 0.5 per cent 2,4-dinitrophenylhydrazine in 2 n 
HCl to the mixture after the addition of HeSO, and centrifugation. After 
standing for 1 hour at room temperature, the mixture of hydrazones was 
extracted with ethyl acetate; the ethyl acetate layer was removed, evapo- 
rated to dryness in an air stream, and counted. The counting methods 
used were the same as those employed previously (1). Conidial carbon 
dioxide fixation was determined as follows: conidia were harvested from the 
reaction mixture by centrifugation and extracted first with ice-cold 10 
per cent trichloroacetic acid, then by 80 per cent ethanol, followed by 
3:1 alcohol ether, and finally in a boiling water bath with trichloroacetic 
acid for 30 minutes. The residue was washed with alcohol and plated on 
planchets; the trichloroacetic acid extracts were extracted with ether to 
remove trichloroacetic acid, and the water-soluble material was plated 
and its radioactivity determined. 

Keto acids were determined by the method of Friedemann and Haugen 


2 The alumina was A-301, minus 325 mesh, courteously furnished by the Aluminum 
Company of America. 


B. S. STRAUSS 537 


(4). Protein was determined by taking the dry weight of a trichloroacetic 
acid precipitate. OAA was prepared by the method of Heidelberger and 
Hurlbert (5). All other substances used were commercial preparations. 
Standard one-dimensional descending chromatography was used for the 
separation of the dinitrophenylhydrazones of keto acids with n-butanol- 
ethanol-0.5 m NH,OH, 70:10:20 as a solvent (6). 


TABLE I 


Effect of Ammonium Ion and Asparagine on Incorporation 
of C40, by Neurospora Conidia 


Total c.p.m. per mg. dry weight of conidial 
suspension 
Strain Asparagine 
Cold TCA | Alcohol- | tot TCA | Residue 

Wild type 0 0 107 24 83 181 
a | Q 321 72 315 587 

ee + 277 41 271 395 

suc Bono 0 73 30 74 152 
0 51 197 208 

| + | + | 390 47 | 518 399 


Each reaction vessel contained 2 ml. of a washed conidial suspension in 0.067 Mm 
KH.,PO,-Na2zHPO, buffer, pH 6.0, with sucrose (2 per cent) and MgSO,-7H:O (0.05 
per cent). Ammonium sulfate, 0.25 ml. of a 0.0715 mM solution. Asparagine, 0.25 
ml. of a 0.04 m solution. NaHC"Q;, 0.25 ml. of a 0.3 mM solution containing 2 ue. of 
C™ per ml. The total volume = 2.75 ml. The incubation time was 2 hours at 30°. 
Both TCA fractions were extracted with ether to remove TCA before plating. The 
dry weight of original conidial suspension was wild type = 5.5 mg.; suc = 4.8 mg. 
All the values are averages of duplicate determinations. 


Results 


Since carbon dioxide fixation is one of the obvious alternate pathways for 
dicarboxylic acid formation (7), the incorporation of C'O2 by suc conidia 
was compared with the distribution of CO: incorporated by the wild 
type (Table I). Ammonium salts cause a large increase in the incorpora- 
tion of CO: into both trichloroacetic acid-soluble and residual fractions 
of the wild type. In contrast, ammonium salts cause a large increase in 
fixed CO: only in that fraction of the swe mutant soluble in trichloro- 
acetic acid. There is no appreciable increase of CQO: fixed into the suc 
residual fraction upon the addition of an ammonium salt; indeed, in some 
experiments there is slight inhibition. 

As reported previously (1), succinate does not affect either swe or wild 
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type carbon dioxide fixation into the residual fraction in this type of ex- 
periment. Asparagine, on the other hand, causes a large increase of C40, 
incorporation into both acid-soluble and residual fractions of the sue 
mutant incubated in the presence of ammonium ions, while at the same 
time inhibiting incorporation of CO, by the wild type. The difference 
in the behavior of succinate and asparagine in this type of experiment js 
probably due to the relative permeability of these compounds. In time 
periods similar to those used in the carbon dioxide fixation experiments, 
asparagine oxidation by conidia can be demonstrated manometrically, 
whereas oxygen uptake in the presence of succinate at pH 6.0 is hardly 
above the endogenous value. It is known that Neurospora contains ade- 
quate systems for succinate oxidation (8), and therefore it is likely that 
the lack of succinate activity is due to lack of penetration. In the rela- 
tively long periods of a growth experiment (3 days), succinate is a more 
efficient growth supplement for the suc mutants than is asparagine. 

It was noted (Table I) that the addition of asparagine stimulated suc 
CO, fixation and inhibited wild type COs: fixation so that about the 
same amount of C!*O2 was fixed into the residual fraction by both strains 
in the presence of asparagine. ‘This behavior is most easily explained by 
isotope competition (9). If asparagine is converted to some compound 
which is at the same time the product of reaction of one carbon dioxide 
fixation reaction and the acceptor for another (9), then the addition of 
asparagine to the wild type should lower CO, fixation by a simple com- 
petition mechanism. If, on the other hand, the suc mutants are blocked 
in the first fixation reaction, addition of asparagine should increase CO, 
fixation by providing an acceptor for the second reaction, and both strains 
might approach the same level of C'O, fixation in the presence of aspara- 
gine. 

The process of CQ, fixation into the dicarboxylic acids and related 
compounds was therefore studied both in an in vivo and an in vitro system. 
It had previously been reported (10) that the acetate-requiring mutants of 
Neurospora (ac), which are unable to oxidize pyruvate, fix CQO, into the 
carboxyl group of pyruvic acid when incubated with glucose in buffer. It 
was suggested that incorporation of CO, into the carboxyl group of py- 
ruvic acid involved formation of a dicarboxylic acid which was trans- 
formed to a symmetrical compound and then returned to a 3-carbon com- 
pound eliminated as pyruvic acid. If carbon dioxide fixation in the suc 
mutants were deficient, they would not be able to incorporate CQ: into 
pyruvate in contrast to the ability of the ac mutants. Since the suc 
mutants accumulate pyruvic acid and other keto acids only in the presence 
of ammonium ions (1), and since ammonium ion might conceivably “trap” 
any dicarboxylic acid formed by C'O, fixation and prevent its leaking 
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back to pyruvic acid, the tests were performed with both a suc strain and a 
double mutant, ac-suc. The double mutant was obtained from the prog- 
eny of the cross ac-5-suct X act-suc. That the resulting strain was a 
double mutant was demonstrated by obtaining the appropriate ascus types 
from back-crosses to wild type. The addition of ammonium ions had no 
effect on the accumulation of keto acids from sucrose by either the ac or 
ac-suc strain. Addition of ammonium ion, in the concentration indi- 
eated in Table I, legend, caused an increase in the amount of keto acids 
(as pyruvate) accumulated in 2)4 hours by 4.2 mg. of suc conidia from 0.02 
umole to 0.39 umole per mg. of conidia. The ac mutant conidia accumu- 
late about 0.7 umole of keto acid per mg. of dry weight of conidia, while 


TABLE II 
Fixation of C402 into Keto Acids by Neurospora Conidia 
Addition 
Strain 
None NH¢ 


Recorded total counts per minute per mg. of dry weight of conidia added to re- 
action flasks. The additions are as in Table I, except that NaHC™O,; = 0.25 ml. of 
a 0.06 M solution containing 4 ue. of C' per ml. The incubation time was 2.5 hours 
at 30°. The values are averages of duplicate experiments. 


ac-suc conidia accumulate about 0.8 wmole per mg. under the same condi- 
tions. 

The keto acids obtained from suspensions of conidia of the ac mutant 
after incubation with sucrose and NaHCO; are approximately 20 times 
more radioactive than their ac-suc double mutant counterparts (Table II). 
These experiments were performed by adding 2,4-dinitrophenylhydrazine 
to the reaction mixture after the removal of conidia by centrifugation, 
then extracting the hydrazones successively into ethyl acetate and sodium 
carbonate, and then returning to ethyl acetate, finally evaporating the 
solution of hydrazones in an air stream, and counting. Since this proce- 
dure results in the extraction of any keto acid, or probably any organic acid, 
a similar experiment was performed in which the phenylhydrazone extract 
was chromatographed along with an authentic sample of pyruvic acid 
2 ,4-dinitrophenylhydrazone. The pyruvic acid hydrazone spots were cut 
out and eluted with NasCOs;; an aliquot was treated with NaOH for deter- 
mination of optical density, and the remainder was acidified, extracted 
with ethyl acetate, evaporated to dryness, and counted, The pyruvic acid 
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2 ,4-dinitrophenylhydrazone obtained from the ac-é strain had an activity 
of 3150 and 3250 c.p.m. per unit of optical density (after treatment with 
NaOH) in the absence and presence of ammonium ions, respectively, 
whereas the values for the pyruvic acid hydrazone from the ac-5-suc strain 
were 110 and 88 c.p.m. and for the suc strain incubated in the presence of 
ammonium ions 37 ¢.p.m. These results indicate that the differences be- 
tween strains carrying suc and those with its wild type allele in these 


TABLE III 
Effect of Components of Reaction Mixture on Fixation of CO, 
Total c.p.m. X 1073 
Mixture 
Wild type suc 
without ATP......... 5.2 0.07 
Heated extract................ 0.06 
0.5 ‘* wild type extract + 0.5 


The complete system includes 1 ml. of crude extract, 5 wmoles of reduced GSH 
neutralized with NaOH, 2 wmoles of MnCl.2, 75 wmoles of OAA neutralized to pH 6.3 
with 0.5 M K;PQ,, 4 uwmoles of ATP as the trisodium salt. Extract in 0.067 m potas- 
sium phosphate buffer, pH 6.9. The total volume was 1.55 ml. The components 
were mixed in an ice bath, quickly warmed to 30°, and the reaction was started by 
tipping in 0.25 ml. of a 0.06 m NaHC'!4O; solution containing 4 we. per ml. The in- 
cubation time was 20 minutes. The reaction was stopped by the addition of 0.5 ml. 
of 10 Nn H.SO,. Trichloroacetic acid-precipitable protein in extracts: wild type = 
7.0 mg. per ml.; suc = 5.7 mg. per ml. 


experiments are due to differences in the incorporation of CO: into pyru- 
vate. 

The experiments in vivo suggest a deficiency of the systems involved in 
fixing carbon dioxide into dicarboxylic acids. A test was therefore made 
of the ability of wild type and suc extracts to incorporate NaHCO; into 
OAA. Wild type extracts fix C“O, into OAA, and the reaction is strongly 
ATP-dependent (Table III), even in a crude extract. In order to show 
that the fixed activity resides in the B-carboxyl of OAA, a sample of the 
mixed 2,4-dinitrophenylhydrazones from the reaction mixture was boiled, 
and the reaction products were compared with an unheated sample (11). 
The hydrazones of pyruvic acid and OAA were identified upon chroma- 
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tography by comparison with authentic samples. Upon elution, plating, 
and counting of the spots obtained from the unheated sample, the OAA 
hydrazone gave 4730 ¢.p.m., compared to 9 ¢.p.m. from the pyruvic acid 
hydrazone spot. Heating the sample of mixed hydrazones caused a large 
increase in the amount of the pyruvie acid hydrazone and reduced the 
eluted activity to 48 ¢.p.m. in the OAA hydrazone area, while the pyruvic 
acid hydrazone gave a count that was barely above background. 


16,000 
Ww 
> 
wild type 
w 
j 1:10 dilution 
18,000 
z suc mutant 
~ 14000 
= 


co} 


2 4 6 
ATP molarity x 10% 
Fic. 1. Effeet of adenosine triphosphate concentration on the exchange incor- 
poration of C4O» into oxalacetic acid. Additions: 1 ml. of enzyme; MnCl; 2 uymoles; 
GSH 5 umoles; OAA 75 wmoles; ATP as indicated. 0.067 mM potassium phosphate 
buffer, pH 6.9, to make 2.0 ml. The components were mixed in an ice bath and 
quickly brought to 30°. The reaction was started by tipping in 0.25 ml. of 0.06 m 
NaHCO; containing 2 we. per ml. The reaction time was 20 minutes at 30°. An 
ammonium sulfate-precipitated fraction was used as an enzyme preparation after 
dialysis. 


The succinate-requiring mutant shows greatly reduced exchange ac- 
tivitv (Table III), but the activity is definitely measurable and is stimu- 
lated by ATP, as is the wild type. The response of a mutant ammonium 
sulfate-precipitated fraction to ATP is practically identical with that of a 
1:10 dilution of a similar wild type preparation (Fig. 1). An independent 
occurrence of the suc mutation also displays low exchange activity (Table 
IV). The decarboxylation of OAA at pH 6.9 by crude extracts of both 
wild type and suc is also stimulated by ATP (Table IV; Fig. 2); here 
again the ATP-stimulated decarboxylation is greater per unit of protein 
in the wild type than in the suc mutant. 

The exchange reaction catalyzed by crude and ammonium sulfate-pre- 


ty 
th 
y, 
in 
of 

| 

| 


542 QOAA CARBOXYLASE OF NEUROSPORA 


cipitated fractions from the wild type is not appreciably stimulated by 
AMP. The exchange incorporation of 0.25 ml. of 0.06 Mm NaHCO; con- 
taining 0.5 ue. of C'4 was increased from 8.1 to 804 c.p.m. per mg. of pro- 
tein upon the addition of 4 umoles of ATP to a crude extract, while 4 umoles 


TABLE IV 


C0, Fization and Oralacetic Acid Decarbozylation by Eztracts 
of Wild Type and at-suc Mutant 


Total c.p.m. fixed Total, CO 
0 | 24 75 
+ 1280 152 
+ 34 89 


Crude extracts were made from culture grown on minimal medium plus succinate 
(0.1 per cent). The reaction mixture was 0.067 M potassium phosphate buffer, pH 
6.9, 1.0 ml.; extract 0.5 ml.; GSH 5 wmoles neutralized with NaOH; MnCl, 2 umoles; 
OAA, 75 umoles, neutralized-to pH 6.3 with 0.5 m K;PO,; ATP (as trisodium salt) 4 
yumoles. The components were mixed in an ice bath and quickly warmed to 30°, and 
the reaction was started by tipping in 0.25 ml. of 0.06 m NaHC!‘O; containing 4 ue. of 
C' per ml. The bicarbonate was eliminated from vessels for decarboxylation stud- 
ies and reaction was started by tipping in OAA from the side arm. The reaction was 
stopped after 15 minutes incubation by adding 0.5 ml. of 10 N H2SO, from the center 
well. 


Ving type suc 
J 
uJ 
> 600} > 600 plus ATP 
re) 
400} “400 
N 
S 200 ° 200 
mg. PROTEIN 


Fig. 2. Stimulation of oxalacetic acid decarboxylation by adenosine triphosphate. 
The reaction mixture contained 2.0 ml. of 0.067 m potassium phosphate buffer plus 
extract; 5 umoles of GSH neutralized with NaOH; 2umoles of MnCl.; 4 wmoles of 
ATP where indicated. 75 uwmoles of OAA neutralized to pH 6.3 with 0.5 m K3;P0, 
were added to the side arm. The components were mixed in an ice bath and quickly 
warmed to 30°, and the reaction was started by tipping in the OAA. The reaction 
time was 15 minutes at 30°. Reaction volume = 2.75 ml. The reaction was stopped 
by shaking in 0.4 ml. of 10 n H.SO, from the center well and shaking for an addi- 
tional 5 minutes to release CO». 
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of AMP caused an increase only to 22 ¢.p.m. per mg. in 20 minutes in- 
cubation. With an ammonium sulfate-precipitated fraction the addition 
of ATP raised the exchange incorporation from 4.5 to 837 c.p.m. per mg. of 
protein, Whereas 4 ymoles of AMP caused an increase to only 8 ¢.p.m. per 
mg. of protein. 50 wmoles of malate did not increase the exchange incor- 
poration of the above amount of NaHCO; into OAA by an ammonium 
sulfate-precipitated fraction from the value of 33 ¢.p.m. obtained in the 
absence of ATP, even upon the further addition of 0.67 umole of TPN or 
of 0.67 umole of TPN plus 0.75 umole of DPN. Addition of 0.66 umole of 
ATP alone to OAA increased incorporation to 4250 ¢.p.m. 
DISCUSSION 

The dicarboxylic acid requirement in the succinate-requiring mutants 
of Neurospora appears to result from a deficiency in a mechanism of carbon 
dioxide fixation into OAA. This hypothesis is supported by two main 
lines of evidence: (a) the relative inability of strains carrying the sue mu- 
tation to fix COs, into pyruvie acid, and (b) the relative inability of swe 
extracts to incorporate COs» into OAA by an exchange type reaction or to 
decarboxylate OAA on the addition of ATP. The results also suggest that 
the earbon dioxide fixation reaction in the wild type is more closely related 
to the OAA carboxylase system described by Utter ef al. (12) than to the 
“malice enzyme” described by Ochoa et al. (13) or to the OAA-synthesizing 
system described by Bandurski and Greiner (11). Both the exchange and 
decarboxylation reactions in Neurospora are dependent on ATP. Malate, 
TPN, DPN, and AMP do not affect the CQO: exchange reaction. It thus 
seems unlikely that a ‘‘malic”’ type reaction is involved. 

Since the swe mutation results in a relative deficiency of dicarboxylic 
acids, it is apparent that the OAA carboxylase system in Neurospora plays 
a most important physiological role in supplying these acids. Deficiency 
in the supply of dicarboxylic acids leads to the mutant properties already 
described (1). It is possible that the mutation may have resulted merely 
in a quantitative change in the amount of OAA carboxylase produced by 
the suc strains. Mutant enzyme activity is detectable and is stimulated 
by ATP in the same manner as are dilute wild type preparations. The 
ratio of wild type to mutant exchange activity in crude extracts is about 
40:1, with the actual values varying from experiment to experiment 
(Tables III and IV). The ratio of ATP-stimulated OAA decarboxylation 
of wild type to that of the mutant varies from about 4:1 to 8:1. At least 
two reactions are required for CQO. incorporation into OAA by an ex- 
change reaction. The acid must first be deecarboxylated, and then the 
product must be recarboxylated. If the reaction is slowed in both direc- 
tions, then the ratio of exchange activities should equal the square of the 
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decarboxylation ratio. However, as pointed out by Utter,’ it is difficult 
to make quantitative comparisons with crude extracts since any decom- 
position of the presumed product of decarboxylation, phosphoenol pyruviec 
acid, by suc or wild type extracts would affect the ratios of exchange 
activity obtained. 


SUMMARY 


Extracts of Neurospora crassa incorporate CO, into oxalacetic acid 
(OAA). The reaction is adenosine triphosphate-dependent, as is the de- 
carboxylation of OAA at a neutral pH. Extracts of a dicarboxylic acid- 
requiring mutant (suc) are relatively deficient in both exchange and de- 
carboxylation reactions. Conidia of strains carrying the suc mutation 
have difficulty incorporating C'O, into the pyruvic acid they excrete. It 
is proposed that the lesion in these dicarboxylic acid-requiring mutants is 
in an OAA carboxylase system. 


The author would like to acknowledge his gratitude for the expert tech- 
nical assistance of Mrs. Barbara Wagner and Miss Tiiu Vaharu. He would 
also like to thank Dr. W. W. Westerfeld for his helpful criticism of the 
manuscript. 
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THE DETERMINATION OF MICROGRAM QUANTITIES OF 
PROTEIN IN BIOLOGICAL FLUIDS. THE ESTIMATION OF 
PLASMA AND SERUM PROTEIN IN SPINAL FLUID* 


By GEORGE R. KINGSLEY anp GLORIA GETCHELL 


(From the Department of Physiological Chemistry, School of Medicine, University of 
California at Los Angeles, and the Clinical Biochemistry Laboratory, 
Veterans Administration Center, Los Angeles, Calijornia) 


(Received for publication, July 3, 1956) 


Many years ago an observation was made of a phenomenon known as 
“protein error” in which a blue color developed when a native protein in 
weak acid solution was brought in contact with tetrabromophenolphthalein 
ethyl ester potassium salt (TBPEEK) (1). Apparently a stable weak 
acid salt-like compound is formed which produces the color. This reagent 
has been used for the qualitative estimation of protein (2, 3). Investiga- 
tion of several pH indicators has shown that TBPEEK is the most sensi- 
tive to proteins (3, 4). More recently quantitative methods which utilize 
TBPEEK for the microestimation of casein (5) and spinal fluid and urine 
proteins (6) have been reported. 

We have been unable to obtain a clear stable color with the technique 
of Ketomaa and Rousteenoja (6) which utilized acetate buffer at pH 4.5, 
or optimal color development at pH 3.8 as recommended by Ishidate et al. 
(5). Furthermore we have not been able to obtain optimal color develop- 
ment with the concentrations of dye and alcohol recommended by Ishidate 
et al. (5). 

An investigation was undertaken to develop the most practical method 
by using both tetrabromophenolphthalein ethyl ester (TBPEE) and 
TBPEEK for the microquantitative determination of proteins in body 
fluids since a satisfactory method of this kind has not been reported. Op- 
timal conditions such as temperature, dye concentration, pH, organic sol- 
vent concentration, and behavior of different proteins have been investi- 
gated, as experimental data concerning them have not been presented in 
previous publications. TTBPEEK may be synthesized according to the di- 
rections of Nietzki and Burckhardt (1), or by the improved technique of 
Davis and Schuhmann (7). 


* A preliminary report of this paper was presented at the 122nd meeting of the 
American Association for the Advancement of Science, Atlanta, Georgia, December 
27, 1955. 
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Method 

Reagents— 

Stock indicator solution. 0.134 per cent tetrabromophenolphthalein ethyl 
ester (TBPEE), Eastman No. 1640... Dissolve 134 mg.? of the indicator 
in absolute methyl alcohol and dilute to 100 ml. This reagent is stable for 
several months if refrigerated. 
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153 195) 2.13 2..35 2.66 
Fic. 1. Effect of different concentrations of TBPEE on color density in the pres- 
ence of 68 y of protein in serum and 8.2 y of protein in spinal fluid. Other conditions 
are as described under ‘‘Procedure.’’ Curve 1, serum with 20 per cent ethyl alcohol; 
Curve 2, cerebral spinal fluid (CSF) with 17 per cent methyl alcohol; Curve 3, CSF 
with 20 per cent ethyl alcohol; Curve 4, serum with 20 per cent methyl] alcohol. 


Working indicator solution. Dilute 10 ml. of stock indicator solution to 
100 ml. with absolute methyl alcohol. This reagent is stable for several 
days if refrigerated. 

0.004 N acetic acid. Prepare fresh daily. 

Standardization— Determine the protein content of serum, spinal fluid, 
or other biological fluids by the Kingsley biuret method (8) and dilute the 


1 Tetrabromophenolphthalein ethyl ester (General Biochemicals) or bromophtha- 
lein magenta E (National Aniline No. 339) is equally satisfactory. 
2 The same concentration of TBPEEK may be used. 
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Fic. 2. Effect of different concentrations of ethyl and methy] alcohol on color 


density. Other conditions are as described under ‘‘Procedure.”’ 
methyl alcohol; Curve 2, serum with ethyl alcohol; Curve 3, 


alcohol; Curve 4, CSF with ethyl alcohol. 
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Fic. 3. Leffect of temperature on spinal fluid protein standardization. Other con- 


ditions are as described under “Procedure.”’ 
dashed line, potassium salt of dye (TBPEEK). 
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fluids to obtain transmittance readings in the desired range of 80 to 20 per 
cent T. Carry out the standardization with these dilutions as directed under 
“‘Procedure.”’ 


Procedure 


Spinal Fluid—Add 0.02 ml. of fresh spinal fluid to a standard photometer 
cuvette containing 4 ml. of distilled water maintained at 25° in a water 
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pH 
38 40 42 44 46 48 


Fic. 4. Effect of pH on binding of dye by serum and spinal fluid proteins. Othe 
conditions are as described under ‘‘Procedure.’’ Curve 1, 10.0 y of CSF protein with 
methyl! alcohol; Curve 2, 12.3 y of CSF protein with ethyl alcohol; Curve 3, 7.0 y of 
CSF protein with methyl alcohol; Curve 4, 110.0 y of serum protein with methyl 
alcohol; Curve 5, 107.0 y of serum protein with ethyl] alcohol; Curve 6, 62.0 y of serum 
protein with methyl alcohol; Curve 7, 37.0 y of serum protein with ethyl alcohol; 
Curve 8, 4.1 y of CSF protein with ethyl alcohol. 
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bath. Add 1 ml. of working indicator solution and thoroughly mix. Add 
0.5 ml. of 0.004 N acetic acid and mix. Let stand 5 minutes in water bath 
at 25° and read per cent transmittance of light at 600 my against a blank 
set at 100 per cent 7. (Prepare the blank in the same manner by substi- 
tuting distilled water for spinal fluid.) The color is stable for at least 20 
minutes. The optimal pH of final reaction mixture is 4.7. 
Serum—Dilute 1 ml. of fresh serum to 100 ml. with saline. Dilute 2 ml. 
of this mixture to 100 ml. with distilled water. Add 4 ml. of the final dilu- 
tion to a standard photometer cuvette maintained at 20° in a water bath. 
Continue with the determination as described for spinal fluid, except for 
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the maintenance of the reaction at 20° instead of at 25°. The optimal pH 
of final reaction mixture is 4.1. 


EXPERIMENTAL 


Optimal Dye Concentration—Ishidate et al. (5) used 0.96 mg. per cent of 
TBPEEK in the final reaction mixture for color development in the deter- 
mination of protein in casein solution. Ketomaa and Rousteenoja (6) used 


PER CENT TRANSMITTANCE 


| | | 
0 38 76 152 
MICROGRAMS PROTEIN IN SPECIMEN 
Fic. 5. Comparison of binding of TBPEE and TBPEEK with spinal fluid proteins 

in different solvents. Other conditions are as described under ‘‘Procedure.’’ Curve 
1, TBPEE in acetone; Curve 2, TBPEE in ethyl alcohol; Curve 3, TBPEE in methyl 
alcohol; Curve 4, TBPEEK in ethyl and methyl alcohol. 18 per cent acetone, ethyl 
aleohol, and methyl alcohol were used. 


5.0 mg. per cent of this dye in the final color development in the determina- 
tion of spinal fluid and urinary proteins. These authors gave no experi- 
mental proof that these were optimal concentrations. We have found that 
2.47 mg. per cent of TBPEE or TBPEEK in the reaction mixture is the 
optimum for color development in spinal fluid protein determinations with 
methyl alcohol (17 per cent) and 2.30 mg. per cent with ethyl alcohol (20 
per cent) (Fig. 1). 2.30 mg. per cent of dye was found to be the optimum 
for serum protein determinations with methyl alcohol (20 per cent) and 
ethyl aleohol (20 per cent) (Fig. 1). 

Optimal Alcohol Concentration—The concentration of methyl and ethyl] 
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alcohol has a marked effect on the color development of TBPEE and 
TBPEEK with protein. The investigators cited above (5, 6) do not men- 
tion the effect of alcohol but used 2 (5) and 10 per cent (6) ethyl alcohol in 
their final color development mixtures. Under the conditions of our in- 
vestigation maximal color development with serum proteins occurs with | 
both 19 to 20 per cent methyl and 18 to 20 per cent ethyl alcohol, and 16 
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HG. PROTEIN IN SPECIMEN 
Fig. 6. Comparison of the binding of TBPEE and TBPEEK with serum proteins p 
in different solvents. Other conditions are as described under ‘‘Procedure.’’ Curve ( 
1, TBPEE with ethyl alcohol at pH 4.1 and with methyl alcohol at pH 4.7; Curve 2, C 
TBPEEK with ethyl alcohol at pH 4.4; Curve 3, TBPEEK with methyl alcohol at C 
C 


pH 4.1. 


to 18 per cent methyl] alcohol and 20 per cent ethyl alcohol with spinal fluid ( 
proteins (Fig. 2). 

Optimal Temperature—Previous investigators (5, 6) did not mention the 
effect of temperature on the use of TBPEE and TBPEEK in the deter- . 
mination of proteins. We have obtained maximal color development at 
25° with spinal fluid proteins (Fig. 3), and the color obtained was linear at . 
10°, 20°, and 25°, but not at 30° and 37°. Maximal color was obtained | 
at 10-20°, but was not linear at any temperature with serum proteins. 4 

Optimal Transmittance—Ishidate et al. (5), by using a Leifo photometer P 
and a Beckman spectrophotometer, obtained maximal absorption of the A 
colored complex formed from TBPEEK and casein at 600 mu. Ketomaa “ 
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and Rousteenoja (6) obtained maximal absorption at 610 my with the 
Beckman instrument when TBPEEK was used in urine and spinal fluid 
protein determinations. We have obtained maximal light absorptions at 
600 mu with TBPEE and TBPEEK with both Coleman and Beckman 
spectrophotometers. 

Optimal pH—We have not been able to obtain stable or maximal color 
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Fic. 7. Comparison of the binding of TBPEE by different commercial protein 
preparations. Curve 1, y-globulin (Cutter Laboratories); Curve 2, topical thrombin 
(Parke, Davis and Company); Curve 3, fresh normal serum protein, Versatol (Warner- 
Chileott Laboratories), and clinical chemistry control serum (Hyland Laboratories) ; 
Curve 4, Chemtrol (Clinton Laboratories) ; Curve 5, Lab-Trol (Dade Reagents, Inc.) ; 
Curve 6, Pro-Sol (Standard Scientific Supply Corporation) ; Curve 7, bovine albumin, 
fraction V (Armour Laboratories); Curve 8, tryptar, lyophilized crystalline trypsin 
(Armour Laboratories) ; Curve 9, fresh normal spinal fluid. 


development with the use of phosphate buffer as recommended by Ketomaa 
and Rousteenoja (6). We have investigated the effect of various buffers 
and acids and have concluded that all cations, strong acid anions, and 
ammonium ions inhibit maximal color development of both TBPEE and 
TBPEEK with proteins. We have investigated a pH range from 3.8 to 
4.8 and have found three optimal pH concentrations which depend upon 
protein concentration, type of specimen, and kind of solvent used (Fig. 4). 
A pH of 4.1 is the optimum for use with ethyl alcohol for both low and high 
serum and low spinal fluid proteins and with methyl! alcohol for low serum 
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The values are given in mg. per cent. 
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TABLE I 
Comparison of Different Methods for Determination of Spinal Fluid Protein 


SPINAL FLUID 


Method No. | TBPEEK Biuret | Phenol a 

1 44 42 46 46 
2 38 38 42 40 
3 3+ 32 36 34 
4 42 42 48 46 
5 60 60 58 60 
6 34 35 31 36 
7 44 45 44 45 
8 52 52 60 53 
9 40 40 37 41 

10 40 44 

11 33 34 

12 36 39 

13 300 310 

14 48 50 

TABLE II 


Comparison of Dye, Turbidimetric, and Biuret Methods for 


Determination of Spinal Fluid Proteins 


| 
mg. per cent 
1 46 
2 40 
3 18 
4 34 
5 40 
6 30 
7 30 
8 50 
9 19 
10 28 
1] 18 
12 39 
13 43 
14 31 
15 5O 
16 31 
17 43 


Biuret 
mg. per cent| mg. per cent 
48 52 
32 39 
13 13 
40 42 
34 42 
30 33 
29 33 
53 
18 18 
38 30 
13 18 
42 42 
45 43 
dl ot 
5A 54 
35 35 
40 43 


Method No. 


18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
3l 
32 
33 


TBPEE 


mg. per cent 


28 
52 


Turbidi- 
metric 


mg. per cent 
32 


Biuret 


mg. per cent 


902 
| | | 
| 
| | | 
| | | 40 | 
| | 42 
| | 39 34 | 39 : 
| | 39 34 | 48 
| 33 
| | 22 22 
| 
| | 46 | 4 | 
| | | | | 
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proteins. A pH of 4.3 is the optimum for high serum proteins with methy] 
alcohol and high spinal fluid proteins with ethyl alcohol. A pH of 4.7 is the 
optimum for both high and low spinal fluid proteins with methyl] alcohol. 
Comparison of Binding of TBPEE and TBPEEK with Spinal Fluid and 
Serum Proteins in Different Solvents—Considerable differences were ob- 
served in the effect of different organic solvents upon the binding of TBPEE 
by spinal fluid proteins. <A significantly larger amount of the potassium 
salt of the dye was bound in the presence of both methy]! and ethyl] alcohol 
(Fig. 5). Differences were also observed in the binding of TBPEE by | 
serum proteins in the presence of ethyl and methyl alcohol (Fig. 6). 


TaBLeE III 
Comparison of Dye and Biuret Methods for Determination of Serum Proteins 
Method No. | TBPEE Biuret | Method No. | TBPEE Biuret 
gm. per cent | gm. per | per cent gm. per 

l 3.4 3.4 14 .6 | 6.6 

2 6.8 6.9 | 15 7.6 | 7.7 

3 ae | 5.1 16 7.5 | 7.5 

4 5.4 5.2 17 7.8 7.9 

5 5.1 5.1 18 8.2 8.4 

6 6.8 6.8 19 8.2 8.2 

7 7.5 7.5 20 7.2 7.2 

S 7.8 7.9 21 6.9 6.9 

4) 6.0 5.7 22 7.5 7.5 

10 6.9 6.9 23 6.7 6.5 

11 6.0 5.8 24 6.3 6.3 

12 6.7 6.5 25 | 4.2 4.4 

13 | 8.6 8.5 26 | 8.9 9.1 


Comparison of Binding of TBPEE by Different Commercial Protein Prep- 
arations—Considerable variation in the binding of TBPEE by different 
preparations of proteins has been found (Fig. 7). Only two of the protein 
preparations examined bound the same amount of dye as fresh normal 
serum proteins (lig. 7). Spinal fluid proteins bind about 10 to 14 times 
as much dye as those of serum. Protein content of all protein preparations 
Was assayed by the biuret method (8). 


Comparison of Method with Other Protein Methods 


The relative accuracy of the new dye method for the determination of 
spinal fluid proteins was compared with the biuret (8), phenol (9), Kjel- 
dahl-nesslerization (10), and turbidimetric (11) methods (Tables I and 
II), and found to be in good agreement when the protein concentrations 
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were in the normal or near normal range. Only one abnormal specimen 
(Method 13, Table I) out of thirty or more specimens studied was in good 
agreement. Apparently most abnormal spinal fluids contain protein which 
TaBLE IV 
Estimation of Serum in Spinal Fluid-Serum Miztures 
| Protein added to specimen | Protein found, uncorrected | Pectale fend | 
Method No. | imserum, Serum recovered 
Serum corrected | 
7.8 2.7 7.5 96.5 
2 7.8 3.8 7.6 | 99.5 
3 7.8 4.2 | 64.2 5.6 7.9 96.5 : 
4 7.8 5.6 99.5 6.2 7.8 100.0 . 
5 10.1 11 10.2 100.2 
6 10.1 3.3 aa 4.8 9.6 95.0 
7 10.1 4.4 76.5 5.7 9.9 98.0 
8 11.7 1.4 23.2 | 2.6 11.9 101.0 
9 11.7 2.8 56.0 | 4.4 11.2 96.0 
10 11.7 4.2 98.0 | 5.8 11.1 95.0 
11 11.7 | 3.6 107.0 6.8 11.5 98.5 
12 15.2 2.2 41.0 | 3.3 15.5 101.5 
13 93.5 | 5.3 14.2 | 94.0 
14 15.5 | 5.6 102.0 | 7.6 15.0 97.0 
15 m4 {| Za 46.7 | 4.0 20.2 103.0 
16 19.4 4.2 97.0 | 6.2 18.9 97.6 
17 19.4 5.6 | 131.0 | 7.2 19.2 98.6 
18 22 44.8 (| 4.6 20.2 100.0 
20 25.3 | ee 44.8 | 3.8 24.8 98.5 
21 25.3 | 2.2 | 55.0 4.8 25.5 | 101.0 
22 25.3 | 3.3 85.0 6.1 24.5 97.2 
23 ae | 44 99.5 | 6.4 25.2 99.2 
24 | 418 | |. 39.7 101.8 
25 39.0 | 2.0 | 72.0 | 5.3 38.7 99.5 
26 39.0 4.0 131.0 | 9.2 36.8 94.4 
27 58.5 1.0 me 72 58.2 99.5 
28 58.5 2.0 123.0 | 8.2 56.3 | 96.2 
29 60.4 4.8 132.0 {| 11.2 | 59.5 98.7 
30 90.6 4.8 | 135.0 | 12.5 | 91.7 101.3 


reacts as serum. Good agreement between the dye and biuret methods 
were obtained in the determination of serum proteins, as shown in Table 
III. We were unable to adapt the dye method satisfactorily for the deter- 
mination of urinary proteins. 
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Determination of Serum and Plasma Protein in Presence of Spinal Fluid 


The marked difference in the binding capacity of dye by spinal fluid and 
serum proteins was investigated further by analyzing known mixtures of 
serum and spinal fluid proteins by the biuret and dye methods. The mix- 
tures were analyzed by the different procedures described for serum and 
spinal fluid proteins, and the resultant data were substituted in the follow- 
ing formula to calculate the corrected serum protein: corrected serum pro- 
tein = biuret — (uncorrected serum protein — biuret) ((uncorrected 
cerebral spinal fluid protein) /(uncorrected serum protein)). Good re- 


TABLE V 
Estimation of Plasma Protein in Abnormal Spinal Fluid 
Protein methods | Cell count 
Per cent 
total protein | 
Bi CSF d Pl dye Pl dy as plasma rhe 
protein uncorrected | uncorrected | corrected 
| mig. per cent | mg. per cent | mg. per cent | mg. per cent per cent | 
2 | 260 72 0 1 
3 | 927 150 | 2010 845 | 2 §* 0 
5 705 123 | 1560 | 638 | 91 i* 0 
6 85 56 | 620 37 | 43 0 1 
7 180 63 128 71 5H480* 5 
720 | 156 1140 | DAT | 8S | 0 | 40 
493 | 48 1 0 
| 1000 4 | 0 


90 | 1 


* Xanthochromic. 


covery of the serum proteins was obtained as shown in Table IV. Since 
the calculated recoveries of the protein agree well with those actually 
present, a method has been developed by which the amount of serum 
present in spinal fluid may be determined by chemical analysis. Spinal 
fluids obtained from patients containing abnormal amounts of protein were 
studied in the same manner as described above for the artificially prepared 
mixtures of serum and spinal fluid. The results obtained (Table V) indi- 
cate that the lack of agreement between the biuret and dye methods is due 
to the presence of serum in the spinal fluid. 


The authors wish to thank Dr. Morizo Ishidate of Tokyo University for 
samples of the potassium salt of tetrabromophenolphthalein ethyl] ester 
used in this investigation. 
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SUMMARY 


A simple, accurate method, sensitive to 0.1 y of protein, has been de- 
scribed for the estimation of total protein in spinal fluid and serum. Data 
have been presented which indicate that the method quantitatively meas- 
ures the relative amounts of serum and spinal fluid proteins in prepared 
serum-spinal fluid mixtures and abnormal spinal fluids. : 
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THE STREPTOCOCCUS FAECALIS OXIDASES FOR 
REDUCED DIPHOSPHOPYRIDINE NUCLEOTIDE 
Ill. ISOLATION AND PROPERTIES OF A FLAVIN PEROXIDASE 
FOR REDUCED DIPHOSPHOPYRIDINE NUCLEOTIDE* 
By M. 1. DOLIN 
(From the Biology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee) 


(Received for publication, July 27, 1956) 


Previous reports in this series dealt with the existence and physiological 
significance of DPNH! peroxidase, one of at least four flavoprotein DPNH 
oxidases found in Streptococcus faecalis (1, 2). The peroxidase catalyzes 
the following reactions 


(1) DPNH + H*t + DPN*t + 2H.0 
(2) DPNH + 2Fe(CN),.* + 2Fe(CN).* + Ht 


Under physiological conditions, the peroxide used in Equation 1 is generated 
by a flavoprotein DPNH oxidase. Studies with crude and with partially 
purified peroxidase (2) suggested that the enzyme was a flavoprotein, the 
flavin moiety of which could be coupled to the apoenzyme in vacuum- 
dried, flavin-deficient cell preparations but not in cell-free extracts. Be- 
cause of this feature, more rigorous characterization of the enzyme had to 
aWait its isolation in a high state of purity. The present paper deals with 
the properties of highly purified DPNH peroxidase, an FAD flavoprotein. 
This enzyme appears to be the first example of a flavoprotein whose physi- 
ological oxidant is peroxide. Evidence for the formation of a spectro- 
photometrically visible complex between DPNH and flavoprotein will be 
presented. Preliminary accounts (3, 4) of some of this work have ap- 
peared. 


Methods 


Zone Electrophoresis on Starch Blocks—The advantages of starch as a 
supporting medium have been pointed out by Kunkel and Slater (5). Es- 
sentially the technique of Rotman and Spiegelman (6) was used, except 
that provisions were made for liquid cooling of the starch block and for re- 


*Work performed at the Oak Ridge National Laboratory under contract No. 
W -7405-Eng-26 for the Atomic Energy Commission. 

'The abbreviations used in this paper are DPNH, reduced diphosphopyridine 
nucleotide; DPN, diphosphopyridine nucleotide; FAD, flavin adenine dinucleotide; 
BAL, 2,3-dimercaptopropanol; TPNH, reduced triphosphopyridine nucleotide; FP, 
flavoprotein; TPN, triphosphopyridine nucleotide. 
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circulation of the buffer. The Lucite trough, 50 cm. long and 1.5 em. 
high, was provided with a lower chamber which extended the full length 
of the trough through which ethylene glycol at —5° was continuously cir- 
culated. Buffer from the anode and cathode chambers was drained by 
gravity into a reservoir and recirculated into the buffer containers. The 
entire apparatus was operated in a 2-4° cold room. With the buffers 
routinely employed (0.02 M potassium phosphate or 0.033 mM sodium ace- | 
tate), the voltage could usually be kept at 500 to 600 and the current at ~ 
20 ma. or lower. Under these conditions, the temperature of the starch 
block was maintained between 4-6°. After electrophoresis, the enzyme in 
successive 1 cm. segments was eluted by displacement with 3 ml. of buffer 
at 0°. | 
Standard Assay for DPNH Peroxidase—The protocol is as follows: | 
sodium acetate buffer, 0.1 mM, pH 5.4, 1 ml.; DPNH, 0.23 umole; H:0.,4 | 
umoles; enzyme, | to 10 units; water to a final volume of 3 ml.; tempera- 
ture, 26°. The reaction is initiated by the addition of enzyme, and the 
rate of DPNH oxidation is then determined, usually between 0.5 and | 
minute, in a Beckman model DU spectrophotometer (3 ml. cuvettes, | 
em. light path). An enzyme unit is defined as that amount of enzyme 
which causes a change of 0.01 optical density unit per minute at 340 my 
in this assay. Velocity data are usually expressed as units per ml. of en- 
zyme; 2.e., change in optical density X 10° per ml. of enzyme per minute. 
The reaction follows zero order kinetics until the DPNH level decreases 
to about 0.03 umole per ml. At substrate saturation, the rate of oxidation 
is directly proportional to enzyme concentration. 

Spectrophotometric Determination of Flavoprotein Reduction—Because of 
the limited amounts of purified enzyme available, spectrophotometric ex- 
periments on the reduction of enzyme-bound FAD were performed in 
microcuvettes (Pyrocell Manufacturing Company), a 1 cm. light path and 
0.1 to 0.2 ml. volumes being used. A molecular extinction coefficient of 
1.13 X 107 sq. cm. per mole at 450 my was used to evaluate hydrosulfite- 
reducible flavin (7). 

Chemical Determinations—Hydrogen peroxide was determined by the 
micromethod of Patrick and Wagner (8) with all volumes scaled down 
2-fold. Consistent results were obtained only when the reaction mixture, 
after the addition of KI, was shielded from the fluorescent lights of the 
laboratory. If this precaution was not taken, the color of the solutions 
increased steadily with time. Under the modified conditions, Beer’s law 
was followed from 0.05 to 1.0 density unit (0.01 to 0.20 umole of H202). 
The peroxide solutions used as standards in this determination and in the 
kinetic and balance experiments were standardized by permanganate titra- 
tion. Protein was determined by the method of Lowry et al. (9). DPNH 
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was determined by the use of the molecular extinction coefficient 6.22 
10° sq. cm. per mole at 340 my (10), and ferricyanide from a standard 


curve of ferricyanide concentration versus optical density at 420 muy. 


Materials—Enzymatically reduced DPN (Ba salt) was prepared as de- 
scribed previously (2). Ammonium sulfate, reagent grade, recrystallized 
from 0.1 per cent Versene, was used in all precipitations of gel eluates and 
eluates from the starch column. The author is indebted to Dr. B. L. 
Wilker, of Merck and Company, Inc., for supplying some of the batches of 
vacuum-dried S. faecalis cells used in the present work. Growth condi- 
tions were essentially those previously described (2). 


EXPERIMENTAL 


Zone Electrophoresis of Partially Purified Enzyme—The partially purified 
DPNH peroxidase previously described (2) contained, in addition to the 
peroxidase activity, another enzyme that catalyzes DPNH oxidation with 
either 2,6-dichlorophenol-indophenol or ferricyanide as oxidants. Classi- 
cal methods of salt and solvent fractionation and gel adsorption yielded 
little further useful purification or separation of the two enzymes. How- 
ever, good results were obtained by the use of zone electrophoresis on starch 
blocks. The results of such an experiment are shown in Fig. 1. Gel elu- 
ates, obtained as described previously (2), were concentrated about 50-fold 
by ammonium sulfate precipitation, equilibrated by dialysis at 4° against 
the buffer used in electrophoresis, and then subjected to zone electrophore- 
sis. It can be seen first that the peroxidase has been completely separated 
from the enzyme that uses indophenol or ferricyanide as oxidants. The 
latter enzyme does not use peroxide as an oxidant. Second, over a wide 
range of specific activities the peroxidase activity is directly proportional 
to the flavin content. Flavin was determined as riboflavin by the method 
of Bessey et al. (11) in trichloroacetic acid extracts of the eluates. The 
flavin can be identified as FAD by use of p-amino acid oxidase apoenzyme 
(12). In many such electrophoretic experiments with enzymes of widely 
different specific activity, the flavin to activity ratio of the peroxidase re- 
mains fairly constant at 7.5 to 8.56 X 10-4 y of FAD per enzyme unit. 
Ferricyanide will also function as an oxidant for the peroxidase; the ratio 
of activities with ferricyanide and peroxide remains constant over the en- 
tire peroxidase peak. 

The results indicate that the enzyme which uses indophenol and ferri- 
cyanide, but not peroxide, is also a flavoprotein, in confirmation of pre- 
vious experiments (2) involving the reactivation of apoenzyme. The 
flavin (as FAD) to activity ratio is 2.56 & 10-4 y per enzyme unit. Indo- 
phenol and ferricyanide activity travel as a single peak, indicating that, 
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as suggested by previous results (2), both these oxidants function with a 
single enzyme. 

The mobility of the peroxidase and of a major protein peak differ by 
only 3 per cent, which may explain the inability of classical fractionation 
methods to yield further useful purification of these gel eluates. Since 
change of pH in electrophoresis did not help appreciably, further purifica- 
tion was obtained by repeated electrophoresis of the peak activity frac- 
tions. Cell-free extracts (specific activity 5) were prepared from vacuum- 
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Fic. 1. Zone electrophoresis of partially purified DPNH peroxidase. The enzyme 
was an ammonium sulfate-concentrated and dialyzed gel eluate (see the text), 2100 
units per ml., 16 mg. of protein per ml. Electrophoresis of 1.5 ml. of enzyme was 
carried out in 0.033 mM sodium acetate buffer, pH 5.65, for 17 hours at 510 volts, 21 
ma., temperature 4-6°. Flavin values are normalized to the respective activity 
peaks. The indophenol and ferricyanide enzyme was assayed in 0.05 m potassium 
phosphate buffer, pH 7.0; 0.6 umole of ferricyanide was used as oxidant, with other 
conditions as in the standard assay. 


dried cells and fractionated as previously described (2). The gel eluates 
(30 per cent of the initial units; specific activity 250) were concentrated 
about 50-fold with ammonium sulfate and then dialyzed against 0.02 m 
potassium phosphate, pH 6.5. Portions of the concentrated gel eluate 
were then subjected to zone electrophoresis. In each run, the starch seg- 
ment containing the peak activity was removed, placed on a fresh starch 
block, and run again. After three successive runs, the high specific ac- 
tivity fractions from the second and third starch blocks (about 19 per cent 
of the units present in the gel eluate; specific activity 5300) were pooled, 
concentrated by ammonium sulfate precipitation, dialyzed, and rerun. In 
this experiment, the protein migrated at the same rate as the activity; 
however, it is not certain that the specific activity achieved (8500 to 9000) 
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is the maximum possible. The very limited amounts of enzyme available 
have made it impossible to explore this problem systematically or to devise 
better purification procedures. 

The over-all yield at a specific activity of 8500 to 9000, based on the 
original extract, is 2 per cent. An additional 8 per cent of the units is ob- 
tained at a specific activity of 2000. This procedure yields 3 mg. of the 
highly purified enzyme from 500 gm. of vacuum-dried cells. The proper- 
ties of the enzyme of a specific activity of 8500 to 9000 are described in the 
following sections. 


TABLE I 

Balance for DPNH Oxidation Catalyzed by DPNH Peroxidase; H2O2. As Oxidant 

Conditions as in standard assay, except for H2O2 concentration. Enzyme, spe- 
cific activity 8500, 6500 units per ml., 0.01 ml. Experiment 1, initial DPNH, 0.40 
umole; initial H2O2, 0.204 wmole; incubation time, 6 minutes. At the end of the re- 
action, 0.05 ml. of 10 N H2SQ, was added, and the acidified mixture was used for the 
H.O, determination. Experiment 2, initial DPNH, 0.40 umole; initial H.2O2, 0.83 
umole; incubation time, 2 minutes, after which the reaction mixture was acidified 
and peroxide was determined as in Experiment 1. 


Experiment | Additions | DPNH 

1 Complete (DPNIH in excess).......... —0.203 —0.204 
Without —0.002 —0.003 

2 Complete (H2O2 in excess)............. —0.374 —0.396 

| Without enzyme....................... | —0.001 


Studies on Purified Enzyme 


Balance Studies—Balances for DPNH oxidation are shown in Tables I 
and II. The results (Table I) show that, with either H.O2 or DPNH ini- 
tially in excess, the theoretical stoichiometry of Equation 1 is obtained. 
Table II documents the stoichiometry of Equation 2. In parallel experi- 
ments, complete reduction of the oxidized product with alcohol and alco- 
hol dehydrogenase (13) at pH 9.4 established that DPN is the product of 
these oxidations. 

FAD Content of Purified Enzyme—The bound flavin of the enzyme can 
be released quantitatively on heat denaturation at 100° for 10 minutes or 
by trichloroacetic acid precipitation of the protein. Fluorescence analysis 
of the trichloroacetic acid supernatant solution, according to the technique 
of Bessey et al. (11), indicated that the flavin was a dinucleotide, since its 


ha 
by 
ion 
nce 
Ca- 
m- 


562 DPNH PEROXIDASE 


fluorescence increased over 6.5-fold upon hydrolysis with trichloroacetic 
acid. The supernatant solution from heat-denatured enzyme reactivates 
p-amino acid oxidase apoenzyme (12) and the flavin content of the peroxi- 
dase, determined from this analysis, agrees within 10 per cent with that 
calculated either from fluorescence data or from the hydrosulfite-reducible 
flavin of the native enzyme. 

In a phosphate solvent system (14), the flavin liberated from the peroxi- 
dase chromatographs together with FAD. These data, therefore, indi- 
cate strongly that the flavin of DPNH peroxidase is FAD. It is not known 
whether additional moieties might have been removed from the enzyme, 
bound to flavin (15), or released into the supernatant fluid. The ease 
with which the intact flavin is removed on denaturation is somewhat sur- 


TABLE II 
Balance for DPNH Oxidation Catalyzed by DPNH Peroxidase; 
Ferricyanide As Oxidant 
Standard assay system, except that ferricyanide was used as oxidant. Enzyme, 
specific activity 8500, 6500 units per ml.,0.01 ml. Initial DPNH, 0.184 umole; initial 
ferricyanide, 0.54 umole; incubation time, 3 minutes. 


Additions 3 DPNH A ferricyanide 


* Too small for accurate measurement. 


prising, since apoenzyme (derived from flavin-deficient cells) cannot be re- 
activated with free flavins (2). 

The FAD content of the enzyme is 0.66 per cent, which is equivalent to 
a molecular weight of 120,000, on the assumption that the enzyme is pure 
and that 1 mole of enzyme contains 1 mole of bound FAD. On this basis, 
the turnover number (moles of DPNH oxidized per minute per mole of 
flavin) is approximately 5000 under the conditions of the standard assay. 
The intact enzyme does not fluoresce when excited by ultraviolet light. 

Metal Content of Enzyme—Attempts to demonstrate metals in the en- 
zyme in amounts equivalent to flavin or to implicate them in the peroxida- 
tion reaction have been unsuccessful. Neutron activation analysis (16) 
did not reveal the presence of detectable amounts of Mo, Cu, Mn, or Zn 
among many other metals that would have been in the range of the deter- 
mination. Spectrographic analysis showed the presence of 1 atom of Fe 
per 4 or 5 moles of flavin and traces of Mn. The significance of these 
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small amounts of Fe is not known. Sufficient amounts of enzyme are not 
at hand to make possible a correlation between Fe content and activity. 
pH Optimum of DPNH Peroxidase—The oxidation of DPNH with either 
H.O2 or ferricyanide as oxidant shows rather acid pH optima (Fig. 2). 
With peroxide, the pH optimum is 5.4 in acetate buffer and about 5.2 in 
phosphate buffer. When ferricyanide is used as oxidant, the position of 
the optimum is about 1 pH unit lower. With peroxide, but not ferricya- 


OXIDANT: H,0, OXIDANT: FERRICYANIDE 
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Fic. 2. DPNH peroxidase, rate of DPNH oxidation versus pH. The standard 
assay system was used, except for the substitution of potassium phosphate and po- 
tassium acetate buffers, final concentration 0.033 mM, with enzyme of specific activity 
9000, 425 units per ml., 0.01 ml. With ferricyanide as oxidant, 0.5 umole of ferricya- 
nide was substituted for H.O,.. The results are corrected for the acid decomposition 
rate of DPNH which, however, is not serious above pH 5.0. pH values were checked 
with a glass electrode after each rate determination. The velocities with H.O, 
or ferricyanide as oxidants are directly comparable, since the results have been cor- 
rected for the change in optical density at 340 my due to ferricyanide reduction (2). 
The oxidation rate is expressed in velocity units per ml. of enzyme (see ‘‘Methods’’). 


nide, as the oxidant, it appears that phosphate is inhibitory, compared to 
acetate at the same molarity. It will be shown later that an organic acid 
anion effect accounts for these results. 

Kinetics—The kineties of DPNH oxidation have been investigated with 
both H.O. and ferricyanide as oxidants. The results are summarized as 
saturation curves and Lineweaver-Burk plots (17) in Figs. 3 to 6, and the 
derived constants A, and i; are shown in Table III. Satisfactory recipro- 
cal plots were obtained over the region in which reasonably accurate meas- 
urements of the DPNH concentration could be made. With either oxi- 
dant, in the presence of excess DPNH, strict conformity to Michaelis- 
Menten kinetics was observed. 
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Figs. 3 to 6 show that, for a given oxidant, Vmax is identical, within ex- 
perimental error, regardless of whether the DPNH or the oxidant concen- 
In the ferricyanide assay, the rate-limiting step is de- 


tration is varied. 
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Fic. 3. DPNH saturation of peroxidase with H.O:2 as oxidant. 
assay system was used, except for DPNH concentrations as shown. 


cific activity 8700, 540 units per ml., 0.01 ml. 


(see ‘‘Methods’’). 
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Fic. 4. H,O:2 saturation of peroxidase. Standard assay system, except for H.O» 
concentrations as shown. 
and symbols as in Fig. 3. 


pendent on only | molecule of oxidant, since 1, V is found to be proportional 
This result is in harmony with the concept of | 
electron transfer via a semiquinone-free radical form of flavin (18). The 
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Enzyme (see Fig. 3) 0.01 ml. (5.4 units). 
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constants in Table III show that the A, for the DPNH is somewhat de- 
pendent upon the oxidant used. In so far as it is possible to judge from 
the conformity of a system to theoretical kinetics, the binding of both 
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Fic. 5. DPNH saturation of peroxidase, ferricyanide as oxidant. The standard 
assay system, except that ferricyanide, 1 umole, is substituted for peroxide. In- 
zyme, specific activity 8700, 400 units per ml., 0.01 ml. Velocity units and symbols 
as in Fig. 3. 

Fic. 6. Ferricyanide saturation of peroxidase. Standard assay system, except 
that ferricyanide was substituted for peroxide, as shown. Enzyme (see Fig. 5) 400 
units per ml., 0.01 ml. Velocity units and symbols as in Fig. 3. 


TABLE III 
Michaelis-Menten Kinetics; DPNH Perozridase 


Conditions as in Figs. 3 to 6. kz; = Vmax/E, where E is the total enzyme con- 
centration, based on the assumption that 1 mole of FAD is bound to 1 mole of en- 
zyme. 


Ks 
Assay ks 
DPNH H:02 Fe(CN)s™ 
M M M min} 
1.4 X 10-§ | 2.0 6.0 X 10% 
6.1 10°* 1.1 X 10-4 | 2.96 X 10° 


electron donor and acceptors is indicated in the results presented above. 
Direct evidence for donor binding will be presented in a later section. 
Specificity of Electron Donor and Acceptor—In addition to H2O: and ferri- 
cyanide, menadione and 1,4-naphthoquinone also function as oxidants. 
At pH 5.4, 1,4-naphthoquinone is one-third as effective and menadione 
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one-fifth as effective as H,O.. The menadione reductase activity of S, 
faecalis (19) is, however, due to another enzyme. With H2Oz as oxidant, 
reduced cytochrome ¢ cannot replace DPNH as the reductant. When 
high concentrations of enzyme and Os»-saturated solutions are used, DPNH 
can be oxidized at 1/200th the peroxidation rate. “TPNH is oxidized at an 
identical rate, but the addition of HO. increases this rate only 2-fold, 
The following compounds do not function as oxidants, with DPNH as the 
reductant: Cut+, SeO3", NOs-, oxidized glutathione, cys- 
tine, lipoic acid disulfide, dehydroascorbic acid, cytochrome c, FAD, 
flavin mononucleotide, riboflavin, 2 ,6-dichlorophenol-indophenol, methyl- 
ene blue, and brilliant cresyl blue. 

Anion Effect—The pH versus activity curves obtained in 0.033 m potas- 
sium acetate or potassium phosphate buffers (Fig. 2) show an apparent 
inhibition of the peroxidase reaction in the presence of phosphate. How- 
ever, acetate added to the phosphate buffer increases the reaction rate to 
the level supported by that amount of acetate alone. The specificity of 
this effect was investigated with 0.033 mM potassium phosphate (final con- 
centration) at pH 7 as the buffer, and potassium salts of a variety of or- 
ganic and inorganic acids. The pH was controlled within the limits of 7 
and 7.1. Fig. 7 demonstrates that the effect is not specific for acetate. 
Propionate is almost as effective and formate less so. The acetate con- 
centration required for half maximal stimulation is 2.2 K 10~-* mM and for 
maximal stimulation about 6.6 K 10-? mM. Rather than being inhibitory, 
high concentrations of phosphate appear to give as much maximal stimula- 
tion as acetate (3.3-fold). The phosphate concentrations for half maximal 
and for maximal effect are 0.1 M and 0.33 M, respectively. This phenome- 
non is not caused by a simple increase in ionic strength, since potassium 
sulfate and chloride, as shown, have little effect. Potassium nitrate is also 
ineffective. Organic acids other than fatty acids can also function as ac- 
tivators. The following comparative results are obtained, under the con- 
ditions given in Fig. 7 at concentrations of 100 uwmoles of potassium salt 
per 3 ml., with the velocity expressed as units per ml. (see “Methods’’) after 
subtraction of the rate supported by phosphate alone (49 units per ml.): 
formate 32; acetate 78; propionate 76; butyrate 53; succinate 58; oxalate 
31; lactate 6; chloride 6; and sulfate 1. In the ferricyanide assay system, 
anion effects are also obtained, with the difference that, although the phos- 
phate stimulation is equal to that given in the peroxidase assay, the stimu- 
lations given by acetate or propionate are only one-half as great. The 
mechanism of the anion effect is unknown. The possibility that acy] level 
intermediates are involved in the reaction mechanism seemed rather un- 
likely in view of the non-specificity of the effect; nevertheless, attempts 
were made to investigate this question. The results were negative. When 
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DPNH was oxidized in the presence of phosphate and acetate (H.O, as 
oxidant), acethydroxamic acid could not be detected by the hydroxamic 
acid reaction (20) whether or not hydroxylamine was present during the 
oxidation. 

Inhibitor Studies—Heavy metals are strong inhibitors of the enzyme 
(Table IV). It is not clear whether —SH inhibition (21) is the mechanism 
of the heavy metal effect in view of the results with p-chloromercuriben- 
zoate, arsenite, and selenite. The stability of the enzyme to peroxide is 
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Fic. 7. DPNH peroxidase; the effect of anions on the rate of DPNH oxidation 
Enzyme, specific activity 8500, 220 units per ml., 0.01 ml. The standard assay 
system was used, except that potassium phosphate, 100 wmoles, pH 7.0, was the 
buffer in all experiments. Other anions were added in excess of this concentration 
of phosphate. Rate of oxidation is expressed in velocity units per ml. of enzyme 
(see “Methods’’). With 50 umoles of potassium phosphate, pH 7.0, as buffer, the basal 
rate is reduced to 28 units per ml. of enzyme. 


also noteworthy. It may be that the heavy metal inhibition is due to 
chelate formation between metal and flavin (22). The most potent in- 
hibitor shown, Ag*, strongly quenches riboflavin fluorescence due to the 
formation of a red Ag-flavin complex (23). Although a similar red com- 
plex forms with FAD,? attempts to demonstrate complex formation with 
the enzyme have been hindered by the formation of obscuring turbidities. 
It is of interest that the spectrum of the Ag-F AD complex shows the de- 
creased intensity of the 450 my band also found in the DPN H-flavoprotein 
complex of the peroxidase. In the latter, however, the band is not shifted 
towards the red end of the spectrum. Attempts to reverse the metal in- 
hibitions with BAL or glutathione did not give consistent results. 


* Dolin, M. I., unpublished experiments. 
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The enzyme is resistant to azide and cyanide as shown, and in addition 
to 10-* m 8-hydroxyquinoline, o-phenanthroline, and hydroxylamine, and 
to 10°? m Versene. Dialysis of the enzyme against 8-hydroxyquinoline 
(10-7 m) or Versene (2 X 10-7 M) under a variety of conditions causes little 
inhibition. The previously reported inhibition caused by incubation of 
the enzyme with DPNH (2) can be largely prevented by the simultaneous 


TaBLe IV 
Inhibitors of DPNH Perozidase; H,O, As Oxidant 


The standard assay system was used, with 5 units of enzyme of specific activity 
between 8500 and 9000. The inhibitors were incubated with the enzyme for 10 min- 
utes and the reaction then started by adding DPNH and peroxide. These results 
were compared with those given by an uninhibited enzyme, treated in the same 
manner. The data are corrected, where necessary (Cutt, SeO;", Hg**), for spon- 
taneous reactions which occurred in the absence of enzyme. These were small ex- 
cept for Cu** at 10-* mM, where the rate of decrease of extinction at 340 my in the ab- 
sence of enzyme was half the rate shown by the inhibited system. HgClo, 10-3 m, 
caused immediate disappearance of DPNH absorption at 340 my, in the absence of 
H.O. and enzyme. 


Inhibitor Concentration | Inhibition Inhibitor Concentration | Inhibition 
M per cent uw per ceni 
AgNO; 1 X 10° 98 p-Chloromercuribenzo- | 3.3 K 104 20 
1 xX 80 ate* 
Pb(NQ3)2 | 3.3 104 49 NaSeO; 1.0 X 4 
CuSO, 1.0 X 10-3 85 Sodium arsenite 1.0 X 10-3 8 
1.0 X 1074 47 1.65 10°? | 43 
CoCl, 1.0 X 107% 25 5.5 X 1073 9.6 
HgCl; 1.0 X 10-5 21 KCN* 1.0 X 107? 0 
NaN; 5.0 X 10°? 15 
* pH 6.5. 


t 30 minutes preincubation of enzyme with inhibitor. 


presence of H.O2. The kinetics of this process will be considered in detail 
in a subsequent publication. 

Spectrum of Enzyme and Reduction of Bound Flavin—The spectrum of 
the purified enzyme and of enzyme reduced in various ways is shown in Fig. 
8. The native oxidized enzyme gives a typical flavin spectrum, with max- 
ima at 370 and 450 mz. As with some flavoproteins, the 370 my absorp- 
tion is higher than that at 450 my. There is no hematin absorption. The 
ultraviolet spectrum is not shown because the exact purity of the enzyme 
with a specific activity of 9000 is uncertain. Protein would make a large 
contribution to the 275 my band. In the region shown, however, the spec- 
trum and the spectrophotometric changes to be described are identical over 
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a wide range of specific activities since, after electrophoresis, all of the flavin 
present is associated with the peroxidase. The extinctions at 370, 405, and 
450 mu are in the ratio 1.13:0.67:1. At least 80 per cent of the 450 my 
absorption of the intact enzyme is due to bound FAD. 

Something about the nature of the reaction catalyzed by this flavopro- 
tein peroxidase may be deduced from the results of the substrate and chemi- 
eal reductions described here and shown in Fig. 8. On the addition of 
excess DPNH (50- to 100-fold), the extinction at 450 my is reduced about 
20 per cent and a new broad absorption band appears in the region 520 to 
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Fig. 8. Spectrum of DPNH peroxidase. Enzyme, specific activity 9000, 3.3 mg. of 
protein per ml., 0.2 ml. in 0.02 m potassium phosphate buffer, pH 6.5. DPNH, where 
used, 0.005 ml. of a 30 uzmoles per ml. solution. Hydrosulfite, where used, 0.01 ml. of a 
10 per cent solution in 5 per cent NaHCO,;. The readings are corrected for any re- 
agent absorption and for dilution. The extinction at 450 my was set equal to the 
molecular extinction coefficient of FAD, 1.13 107 sq. cm. per mole (7). 


600 mu. No further change occurs with the addition of larger excesses of 
DPNH. Upon the addition of peroxide, the spectrum of the native oxi- 
dized enzyme is regenerated. If hydrosulfite is added to the enzyme in the 
presence of DPNH, a further reduction in extinction of approximately 10 
per cent at 450 my is noted. Prolonged incubation (40 minutes) with 
hydrosulfite causes no further detectable change. However, if the enzyme 
is reduced with hydrosulfite in the absence of DPNH, the color is bleached, 
the optical density at 450 my is reduced about 80 per cent, and no absorp- 
tion band appears in the long wave length region. The addition of DPN 
or equivalent amounts of DPNH to the hydrosulfite-reduced enzyme re- 
sults in the immediate re-formation of the 450 mu band and the reappear- 
ance of the long wave length absorption band. Qualitatively and quanti- 
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tatively, the spectrophotometric picture is now similar to that produced 
when hydrosulfite is added after DPNH. None of these phenomena, ex- 
cept for the bleaching by hydrosulfite (which is unaffected by DPNH), 
occur in control experiments in which the enzyme is replaced by a solution 
of FAD. 

The spectrum, in the presence of a 100-fold excess of DPNH, is stable 
for at least 1 hour; however, the enzyme is autoxidizable at a slow rate 
(1/200th the peroxidation rate in O.-saturated solution). If autoxidation 
goes to completion, the spectrum of the native enzyme again appears. 
Neither DPN nor H:2O2, when added to oxidized enzyme, causes any de- 
tectable spectrophotometric changes. The inability of even large excesses 
of DPNH to cause more than a partial apparent reduction of the enzyme 
and the failure of hydrosulfite, when added after DPNH, to produce the 
appearance of complete reduction indicate that DPNH combines with the 
enzyme in such a way that chemical reduction to free reduced flavoprotein 
is blocked. This spectrophotometric picture of partial reduction cannot 
be attributed to an unfavorable equilibrium for flavoprotein reduction by 
DPNH, since such a mechanism would in no way restrict the chemical re- 
duction of the equilibrium amount of free flavoprotein. The spectro- 
photometrically visible complex may be the true substrate for peroxide. 


DISCUSSION 


Interest in the enzyme-substrate complex formation demonstrated for 
the DPNH peroxidase system resides in the possible implications of this 
reaction for the general problem of DPNH-flavoprotein interaction in 
electron transport and associated reactions. The combination of DPNH 
and oxidized flavoprotein, followed by decomposition of the complex into 
products upon the addition of H,O2, might be formulated in the most gen- 
eral terms, as shown in Equations 3, 4, and 5, assuming 1 mole of flavin per 
mole of enzyme. 


(3) DPNH + FP S$ DPNH-FP 
(4) DPNH-FP + DPNH-FP-H,0:; 
(5) DPNH-FP-H,0, + H* — DPN*t + FP + 2H,20 


The initial complex (Equation 3) is pictured as combining with H,O, 
(Equation 4) to form an intermediate complex that is rapidly decomposed 
to DPN, oxidized flavoprotein, and water. Since two oxidation-reduction 
coenzymes are involved, the oxidation state of the resultant complex be- 
comes a matter of great interest. The complex is shown in Equation 3 
in a half reduced, valence-saturated (quinhydrone-like) state. However, 
the fully reduced state and various radical states (one-fourth, one-half, or 
three-fourths reduction) might also be possible (18, 24), although direct 
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attempts to demonstrate the latter by the use of paramagnetic resonance 
methods* have so far been unsuccessful. Although the existence of a radi- 
cal state for the complex would account for the efficient 1 electron transfer 
reaction of the enzyme, present evidence is suggestive of a fully reduced 
structure for the visible complex, since DPNH added to hydrosulfite-re- 
duced enzyme produces the 450 and 540 my bands to give a spectrum simi- 
lar to that shown when DPNH is added to oxidized enzyme. This result 
is not due to the small amount of DPN present in the DPNH. Unless 
unforeseen reactions‘ are taking place, the system formed by hydrosulfite- 
reduced enzyme plus DPNH should be fully reduced. Thus, the regenera- 
tion of the absorption bands in the fully reduced system indicates that 
these absorption changes may not be due to oxidation-reduction reactions 
but rather to the nature of the DPNH binding. Changes in the 450 my 
band of flavins, presumably not attributable to oxidation-reduction 
changes, also occur in the previously mentioned Ag complex of FAD? and 
upon the addition of p-chloromercuribenzoate to cytochrome c reductase 
(26). Further studies on the nature of the complex are in progress (4) 
and will be reported in detail in a subsequent publication. 
Substrate-dependent spectral changes which differ from those seen upon 
complete chemical reduction have been noted with other flavoproteins. 
The red color found by Haas (27) upon partial hydrosulfite reduction of 
old yellow enzyme in the presence of TPN was attributed to the red flavin 
radical normally seen only upon reduction of free flavin in strong acid (28). 
Along wave length band formed on substrate reduction of DPN-cytochrome 
c reductase was assigned by Mahler and Elowe (26) to a ferroprotein com- 
plex. Recently Beinert and Crane (29) have reported on the reduction of 
acyl CoA dehydrogenases by substrate. The changes observed are strik- 
ingly similar to those found with DPNH peroxidase (partial reduction in 
intensity of the 450 my absorption and formation of a new band between 
520 and 600 my). However, contrary to the findings in the peroxidase 
system, the long wave length band did not form when reduced substrate 
was added to reduced enzyme. In the acyl CoA dehydrogenase system, 
there is good evidence that the long wave length absorption is due to a 
stabilized flavin radical (30). It is intriguing that this band is similar to 
that found in DPNH peroxidase. The difficulty in assuming that the lat- 
ter absorption is due to a radical has been discussed. It has been noted 


’ The author is indebted to Dr. J. S. Kirby-Smith, of the Biology Division, Oak 
Ridge National Laboratory, for making these measurements. 

* Under the conditions of Fig. 8, hydrosulfite or bisulfite causes a slow disappear- 
ance (0.3 umole per ml. per hour) of DPNH in the absence of enzyme. 20 to 30 per 
cent of the product formed is DPN, the other product or products, however, show a 
spectrum similar to that of DPNH-X (25). The reaction rate is not stimulated by 
enzyme and is too low to account for the results discussed above. 
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(4, 29) that the apparent difficulties observed in obtaining complete reduc. 
tion of some flavoproteins may be due to formation of enzyme-substrate 
complexes. 


SUMMARY 


1. Reduced diphosphopyridine nucleotide (DPNH) peroxidase of Strep- 
tococcus faecalis has been isolated in a high state of purity and shown to be 
a flavoprotein. The enzyme at the highest purity achieved contains 0.66 
per cent flavin adenine dinucleotide. It contains no hematin prosthetic 
groups, and no metals have been found in amounts equivalent to the bound 
flavin. 

2. The physiological oxidant of the enzyme is H2O02; however, 1 ,4-naph- 
thoquinone and menadione and the 1 electron acceptor, ferricyanide, also 
function as oxidants. With peroxide and, for comparative purposes, ferri- 
cyanide, various properties of the enzyme have been investigated (pH 
function, Michaelis-Menten kinetics, and organic anion stimulation). 
With peroxide as oxidant, it was shown that heavy metals are potent. in- 
hibitors of the enzyme. 

3. DPNH combines with the flavoprotein to form a spectrophotomet- 
rically visible complex. Some of the properties of this complex are de- 
scribed. 
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BIOCHEMICAL STUDIES ON INOSITOL 


I. ISOLATION OF myo-INOSITOL FROM YEAST AND ITS 
QUANTITATIVE ENZYMATIC ESTIMATION* 
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For many years inositols have been recognized to be present in a great 
variety of higher and lower forms of life. Among the many isomers now 
known, myo-inositol' received the greatest attention since it is the only 
isomer that has significant vitamin activity. What makes myo-inositol a 
natural compound of special interest is its vitamin-like activity on one hand 
and its relatively great abundance on the other. This suggests that inositol 
may function both as a constituent of vital intracellular structures as well 
as a biocatalyst in the metabolic economy of the cell. 

Much work has been done by many investigators on the action of inositol 
in various biological systems, but the information obtained has not been 
adequate for a thorough evaluation of the physiological role of inositol. 
Even less information is available regarding the mechanism of its biosyn- 
thesis. The notion that some hexose, possibly glucose, might be the im- 
mediate precursor of inositol by a cyclization process was first suggested 
by Fischer (1) and later advanced by other investigators who observed that 
plant tissues accumulate inositol when exposed to various sugars and 
glucosides (2, 3). However, there exists no experimental evidence that 
would justify the postulated cyclization mechanism. 

The ability of the rat to synthesize inositol was first suggested by the 
work of Needham (4), and recently it has been confirmed with C'-labeled 
glucose (5, 6). 

One of the difficulties that has hampered more extensive studies on 
inositol has been the lack of easy, reliable methods for its detection, isola- 
tion, and quantitative determination. In the case of Torulopsis utilis, and 
veasts in general, very little information is available with regard to the 
amount of inositol present within the cells, its extraction, and isolation in 
pure form. 

The present paper describes methods for the quantitative extraction of 


* Supported by grant No. C-2228(C2) from the National Institutes of Health, 
Public Health Service, Bethesda, Maryland. 

‘In this and subsequent publications the terms myo-inositol and inositol are used 
interchangeably. 
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inositol from yeast cells, its purification, and its isolation in crystalline form, 
In addition, a new, simple, colorimetric micromethod for its quantitative 
determination is described. 


EXPERIMENTAL 


Culture Conditions—T. utilis Y-900, obtained from the American Type 
Culture Collection in Washington, was grown on the same nutrient medi- 
um as that of Lewis (7) in 3 liter flasks at 30° with constant aeration. The 
volume of each culture was | liter, and aeration was carried out with a glass 
inlet tube fitted with a fritted disk. The inoculum consisted of 10 ml. of 
a similar culture grown for 24 hours. ‘To prevent foaming, a small amount 
of Dow-Corning Antifoam AIF emulsion was added to each flask. At the 
end of 48 hours the cells were centrifuged and washed twice with equal 
volumes of 0.9 per cent saline solution. The culture liquor and saline 
washings were combined and kept frozen. When 2 per cent glucose was 
used as carbon source, 25 to 30 gm. of cells, wet weight, were obtained from 
a l liter culture. 

Extraction of Inositol from Yeast—The distribution of inositol between 
cells and culture liquor has not been previously reported. Lewis (7) 
determined the inositol content of yeast after autoclaving the cells for 30 
minutes in 1 N H2SO, followed by recombination with the culture liquor and 
neutralization. From the data shown below, this method yields only a 
small fraction of the total inositol present. This low recovery of inositol 
is due to the fact that a lot of inositol is still bound in a form unavailable to 
the Saccharomyces carlsbergensis used in the bioassay. In addition, it was 
observed that the presence of salts resulting from the neutralization of the 
H.SO, affects the bioassay in an unpredictable manner. ‘The following are 
some of the methods tried to extract inositol from yeast, with varying 
degrees of efficiency. In all cases 20 gm., wet weight, of cells were used. 
The extraction procedure was as follows: (1) The cells were suspended in 
100 ml. of 5 per cent H2SO, and refluxed for 2 hours. After centrifugation, 
the clear supernatant fluid was neutralized to pH 6.0 and made up to 200 
ml. with distilled water. (2) The cells were autoclaved in 100 ml. of 1 
N H.SO, for 45 minutes at 15 pounds pressure. After centrifugation, the 
residue was treated as described under (4); the supernatant fluid was neu- 
tralized and diluted to 200 ml. with water. (3) The cells were suspended 
in 20 ml. of water, and 2.0 ml. each of toluene and ethyl acetate were added. 
Autolysis was allowed to proceed at 35° for 4 days. After centrifugation, 
the supernatant fluid was evaporated to dryness, and the contents of the 
flask were dissolved in 200 ml. of distilled water. (4) The residue ob- 
tained by treatment (2) was refluxed with 100 ml. of 18 per cent HCl for 
6 hours. The solution was evaporated to dryness, and the residue was 
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taken up in 200 ml. of water. (5) The cells were refluxed with 5 volumes 
of 22 per cent of HCl for 12 hours, followed by removal of the HCl by distil- 
lation. The oily residue was neutralized and diluted to 200 ml. with water. 
Appropriate aliquots from each sample were used in the bioassay of Atkin 
etal. (8). Known amounts of inositol were assayed at the same time, and 
from the growth response thus obtained the amount of inositol in the un- 
known samples was calculated. The results are summarized in Table I. 
It is evident that refluxing the cells with 5 volumes of 22 per cent HCl 
gives the highest yields of inositol. Under these conditions, inositol is 
very stable, since recovery of added inositol (1 to 100 mg.), treated in this 
manner, was as high as 98 to 100 per cent. The amount of inositol in the 
culture liquor ranged from 8 to 10 per cent of the total inositol of the cul- 


TABLE I 
Extraction of Inositol from T. utilis 


Treatment of cells* | Amount of inositol per 20 gm. of cells (wet weight) 


| mg. 


= 


* For details see the text. 


ture. Hydrolysis in 6 N HSO, has been used in the isolation of total 
inositol of animal tissues (6). 

Isolation of Inositol in Crystalline Form—The following method of isola- 
tion and purification of inositol from yeast cells has been found to be highly 
reproducible with yields as high as 90 per cent of the total amount of 
inositol present. The harvested yeast cells, weighing 20 gm., wet weight, 
were washed twice with an equal volume of distilled water; they were then 
suspended in 5 volumes of 22 per cent HCl and refluxed for 12 hours. A 
small brown precipitate was removed by filtration, and the dark brown solu- 
tion was concentrated to dryness to remove most of the HCl. The dry 
residue was taken up in 50 ml. of water and concentrated again to dryness. 
It was then dissolved in 200 ml. of distilled water and neutralized to pH 
7.0 with KOH. The solution was deionized by passing successively 
through a 3 & 20 cm. column of Dowex 1, X8 (CH;COO7- form), and a 
+ X 15 em. column of Amberlite IR-120 (H+ form), at the rate of 1 ml. per 
minute. Usually the resin beds were placed on the same column with the 
Dowex 1 on top of the Amberlite. The column was washed with 1 liter of 
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distilled water, and the colorless eluate, containing the inositol, was con- p 
centrated todryness. The dry, white residue was dissolved in the minimal i 
volume of water, usually 1 ml., and ethanol was added dropwise until the t 
first turbidity appeared. Inositol was crystallized in long white needles n 


out by dissolving the crystals in water (30 mg. per ml.) and adding ethanol 
as described above. Usually, three such recrystallizations were necessary a 
to obtain pure inositol with a melting point of 225°. Starting with 20 gm. Ss 
of yeast cells (wet weight), the amount of inositol thus obtained was |! 


by cooling the solution overnight (at 5°). Reerystallization was carried 


reproducible and ranged from 21 to 22 mg. However, impurities of the | 
order of 1 to 2 per cent cannot be detected by melting point determinations, | 
and, with work involving the use of C'*-labeled compounds, such impurities 
may cause significant errors. For this reason, purification by some other 
method than crystallization seemed necessary. 

Column Chromatography of Inositol on Dowex 1, X8 (Borate Form)—This 
is an excellent method for isolating pure inositol from a complex mixture of 
common sugars and other neutral substances. The method used was 
essentially that of Khym and Zill (9). A solution containing 10 mg. each 
of sucrose, glucose, fructose, ribose, and inositol, in 10 ml. of 0.007 m potas- 
sium tetraborate, was adsorbed on a 1 X 20 cm. column of Dowex 1, X8, 
in the borate form. Elution was carried out with a solution of 0.015 m 
potassium tetraborate at the rate of 1 ml. per minute. Fractions of 10 
ml. each were collected, and aliquots from each fraction were deionized as 
described later and chromatographed on paper (10) for detection of the 
substances present. The spots were revealed by spraying the chromato- — [| 
grams with a 5 per cent solution of ammoniacal silver nitrate, followed by — | 
heating at 90° for 10 minutes. | 

After the various compounds had been localized in the appropriate frac- 
tions, quantitative determinations were carried out by using the Nelson 
method (11) for glucose and sucrose (the latter after initial acid hydrolysis), 
the Roe method for fructose (12), the orcinol method for ribose (13), and the 
bioassay method for inositol (8). 

Table II shows the results obtained. The fractions containing inositol 
were pooled, deionized by stirring with Amberlite IR-120, concentrated to 
dryness, and treated four times with 50 ml. each of methanol, followed by 
distillation to dryness in order to remove the boric acid. The solution was 
then concentrated to dryness, and inositol was crystallized as described 
previously. The yields of inositol ranged from 85 to 90 per cent in ten such 
runs. Paper chromatography of a solution of the isolated crystals revealed 
only one spot migrating in a manner identical with authentic inositol. 
The solvent systems used were (1) n-butanol-acetic acid-water (4:1:5), 
(2) n-butanol-ethanol-water (4:1.1:1.9), (3) acetone-water (85:15), (4) 
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phenol saturated with water. All systems resolved inositol and myo- 
inosose-2 from glucose, fructose, galactose, sorbose, mannose, all the pen- 
toses, tetroses, and trioses. Systems (3) and (4) also resolved inositol from 

Quantitative Estimation of Inositol—One of the methods available for the 
estimation Of inositol is the bioassay which depends on the response to 
added inositol of an organism that cannot synthesize it. The mouse assay 
was developed by Woolley (14), while Atkin e¢ al. made use of the growth 
response of S. carlsbergensis 4228 (8) and Woolley of Saccharomyces cere- 
risiae (15). Others have used an inositolless mutant of Neurospora crassa 
(16, 17), Kloeckera brevis, and Schizosaccharomyces pombe (18). Recently, 


TABLE II 
Isolation of myo-Inositol from Mizture of Carbohydrates by Column Chromatography 
10 mg. each of sucrose, glucose, fructose, ribose, and inositol were dissolved in 10 
ml. of 0.007 M potassium tetraborate and adsorbed on a1 X 20 cm. Dowex 1, X8, 
column in the borate form. Elution was carried out with various concentrations of 
potassium tetraborate at the rate of 1 ml. per minute. Fractions of 10 ml. each were 
collected and analyzed for the various compounds as described in the text. 


Amount and concentration of potassium tetraborate through column | Carbohydrate present 
0.20-0.40 0.015 ! Sucrose 
0.52-0.68 0.015 | Ribose 
0.72-0.92 0.015 | Inositol 
0.01-0.34 0.02 | Fructose 


0.01-0.25 0.03 Glucose 


an unsuccessful attempt to develop a spectrophotometric assay for inositol 
that depends on the reduction of diphosphopyridine nucleotide by the 
inositol dehydrogenase of Aerobacter aerogenes has been reported (19). 
Chemical methods for the estimation of inositol have also been described 
20). 

Using the inositol dehydrogenase of Acetobacter suboxrydans 621, we have 
succeeded in developing a colorimetric method for the quantitative deter- 
mination of inositol. 

Principle—Inositol dehydrogenase, coupled with pig heart diaphorase, 
reduces 2,6-dichlorophenolindophenol anaerobically in the presence of 
inositol. The disappearance of the blue color can be followed witha colorim- 
eter by using specially adapted Thunberg tubes. 

Enzymes—Inositol dehydrogenase was prepared from large scale cultures 
of A. suboxydans 621. The culture conditions were those of Posternak (21), 
with the exception that the cultures were vigorously aerated in 12 liter 
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flasks, each containing 6 liters of culture medium. The cells were centrj- 
fuged and washed three times with ice-cold 0.9 per cent NaCl solution in 
the Servall SS-1 centrifuge at 5°. The washed cells were ground with 5 
times their wet weight of alumina (Alcoa 301) for 15 minutes in a mortar 
kept at 0°. The paste was extracted with 50 ml. of 0.06 mM phosphate 
buffer, pH 7.0, by continuous stirring for 1 hour in the cold room (5°), 
followed by centrifugation in the Servall centrifuge at 11,000 X g for 45 
minutes. The supernatant fluid was transferred into a clean centrifuge 
tube and stored in an ice bath. The residue was extracted in a similar 
manner two more times each with 40 ml. of buffer. The combined super- 
natant fluids were centrifuged at 27,000 r.p.m. in the Spinco ultracentrifuge 
for 1 hour with rotor No. 30. The brown, transparent pellet contained all 
the inositol dehydrogenase activity. The pellet was suspended in 0.06 x 
phosphate buffer, pH 6.5, and kept in an ice bath until used. Franzl and 
Chargaff (22), who had made cell-free preparations of this enzyme, observed 
that it oxidized myo-inositol very slowly, the reaction being greatly accel- 
erated by the addition of washed, heat-inactivated Acetobacter cells. With 
our preparations, no such requirement was observed. Furthermore, the 
addition of a supernatant fluid, obtained by boiling a suspension of cells 
for 5 minutes followed by centrifugation, from Acetobacter cells, as well as 
that of DPN,? TPN, FAD, FMN, cocarboxylase, pyridoxal phosphate, and 
calcium or magnesium ions, did not enhance the activity or restore the 
activity of partially inactivated enzyme preparations. Pig heart diaphor- 
ase was prepared by a modified procedure of Straub (23) and stored frozen 
at —20°. 

Reagents—2 ,6-Dichlorophenolindophenol was obtained from the East- 
man Kodak Company. Diphosphopyridine nucleotide, from the Pabst 
Laboratories, was added routinely, even though no requirement for it was 
ever demonstrated. Inositol was purchased from the Nutritional Bio- 
chemicals Corporation. 

A pparatus—Thunberg tubes No. 9762-E, purchased from the Arthur H. 
Thomas Company at Philadelphia, were modified to ‘flat bottom”’ tubes. 
This was found necessary in order to reduce to a minimum the volume 
necessary for an accurate reading on the Klett-Summerson photoelectric 
colorimeter. It was found that 2.5 ml. were more then adequate for 
colorimetric measurements. Larger volumes are not easy to handle, since 
evacuation of the Thunberg tubes becomes almost impossible owing to 
excessive bumping of the fluid. 

Assay System—The following solutions were pipetted into the Thunberg 

2 The abbreviations used in this paper are DPN, diphosphopyridine nucleotide; 


TPN, triphosphopyridine nucleotide; FAD, flavin adenine dinucleotide; FMN, 
flavin mononucleotide. 
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tube: 0.3 ml. of inositol dehydrogenase, 0.2 ml. of pig heart diaphorase 
(added in great excess), 200 y of diphosphopyridine nucleotide, 50 umoles 
of phosphate buffer, pH 7.0, and various amounts of inositol up to 0.4 
umole. The dye, 0.2 umole, was placed in the side arm of the Thunberg 
tube. The final volume was 3 ml. In preliminary runs, with excess 
inositol, it was determined that the amount of inositol dehydrogenase to 
be added in each Thunberg tube should completely reduce the dye in 1 hour 
or less. Longer reduction times were complicated by inactivation of the 
enzyme as well as development of leaks in the Thunberg tubes. The tubes, 
run in duplicate, were thoroughly evacuated on the water pump and equili- 
brated at 35° for 1 minute before mixing the contents. At various intervals 
thereafter, the tubes were removed from the incubation bath and chilled in 
an ice bath for 15 to 20 seconds, and the optical densities were determined 
with the Klett colorimeter by using the No. 540 filter. Immediately after 
the readings were taken, the tubes were placed back in the incubation bath 
for the second time interval, and this was repeated until the reaction 
reached completion. The vacuum was then released, and a trace of sodium 
hydrosulfite was added to all the tubes to reduce all of the dye. The optical 
density obtained after this treatment was one-fourth of that obtained at 
zero time and was due to the turbidity and color of the enzyme solutions 
used. The kinetic data are summarized in Fig. 1. It can be seen that 
the initial rates are proportional to the inositol concentration. This is 
better demonstrated in Fig. 2 in which the initial 10 minute readings were 
plotted against inositol concentration. Fig. 3 is a plot of the decrease in 
readings, taken at the end of the reaction, against concentration of inositol. 


DISCUSSION 


Since the inositol dehydrogenase of A. suboxydans will oxidize very 
poorly bound forms of inositol, it becomes obvious that materials to be 
analyzed for total inositol must be hydrolyzed first by refluxing with HCl 
as described earlier in this paper. This treatment destroys or modifies 
most other compounds in such a way that they can be effectively removed 
by adsorption on ion exchange resins, leaving behind inositol and small 
amounts of neutral compounds. This makes unnecessary the extensive 
purification of inositol dehydrogenase. However, with highly purified 
enzyme preparations, the quantitative estimation of inositol from mixtures 
containing other naturally occurring substances should also be possible. 

Yeast extracts, prepared as described earlier in this paper, were assayed 
for their inositol content by both the enzymatic and the bioassay methods. 
The values obtained by the two methods varied by less than 5 per cent from 
each other. 

The optimal range of the method is 0.03 to 0.14 umole of inositol per ml. 
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20 30 40 50 
TIME IN MINUTES 
Fig, 1. Enzymatic estimation of myo-inositol. Relation of the velocity of the 

reaction to time at various substrate concentrations. Each Thunberg tube con- 

tained 0.3 ml. of inositol dehydrogenase, 0.2 ml. of pig heart diaphorase (added in 
excess), 200 7 of diphosphopyridine nucleotide, 50 umoles of phosphate buffer, pH 

7.0, inositol as indicated, and 0.2 wmole of 2,6-dichlorophenolindophenol (placed in 

the side arm). The tubes were evacuated, and the reaction was started by mixing 

the contents of each tube. The reaction velocity was followed by the decrease in 
optical density at 540 mg, measured on a Klett-Summerson photoelectric colorimeter; 
the numbers on the curves indicate the micromoles of inositol added in each tube. 
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Fic. 2. The relation of the reaction rate (first 10 minutes) to inositol concentra- 
tion. The conditions were those described in Fig. 1. 

Fia. 3. The relation of the ‘“‘extent’’ of the reaction (55 minute readings) to inosi- 
tol concentration. The conditions were those described in Fig. 1. 
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of incubation mixture. Duplicate determinations did not vary by more 
than 5 per cent as compared to the bioassay methods in which variations 
among duplicates of as much as 10 per cent are not uncommon. 


SUMMARY 


Methods are described for the extraction, purification, and crystallization 
of myo-inositol from yeast cells, with yields as high as 90 per cent of the 
total amount of inositol present. In addition, a new, convenient, enzy- 
matic colorimetric micromethod for the estimation of inositol has been 


developed. 
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In our studies dealing with the biosynthesis of myo-inositol from C'*- 
labeled compounds by growing yeast two main problems presented them- 
selves, the resolution of which required our primary attention before any 
work with radioactive compounds was to be undertaken. The first prob- 
lem was to develop methods for the efficient isolation of inositol from the 
yeast cells in as high a yield as possible, since the concentration of inositol 
within the yeast cells is rather low. The second problem was to develop 
a method by which the systematic degradation of inositol to known prod- 
ucts and their isolation in good yield would be possible in order to enable us 
to determine the distribution of radioactivity within the inositol molecule. 

In Paper I (1) methods for the isolation of inositol from yeast and an 
enzymatic assay for the quantitative estimation of inositol have been 
described. 

In the present paper the degradation of inositol to pi-idosaccharic acid 
and its quantitative oxidation by periodic acid to glyoxylic and formic acids 
are described. The glyoxylic acid was further degraded to equimolar 
amounts of CO, and formic acid. 


Degradation of Inositol to pu-Idosaccharic Acid 


Prior to this work, Posternak (2) described a method by which myo- 
inosose-2, obtained by the action of Acetobacter suboxydans on inositol (3), 
was oxidized to pt-idosacchariec acid by treating it with a solution of potas- 
sium permanganate at an alkaline pH at 0°. The yield was rather low 
(less than 5 per cent of the myo-inosose-2 and less than 2.5 per cent of the 
starting inositol). In our laboratory, we have experienced some difficulty 
in obtaining pi-idosaccharic acid by this method, and in the few success- 
ful cases the yields ranged from 1.0 to 1.2 per cent of the starting myo- 
inosose-2. More recently, MacDonald and Fischer (4), studying the 
degradation of ketoses by the disulfone method, degraded myo-inosose-2 


“Supported by grant No. C-2228(C2) from the National Institutes of Health, 
Public Health Service, Bethesda, Maryland. 
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and isolated its carbonyl carbon atom as bis(ethanesulfony!) methane 
while the remaining portion of the molecule, a xy lopentodialdose, was 
isolated as the bisethylene mercaptal. 

In a short article, Dangschat, in collaboration with Fischer (5), reported 
on the degradation of inositol to pL-idosaccharic acid by a procedure jp. 
volving acetonation and acetylation of inositol, followed by deacetonation 
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Fic. 1. Reactions used in the degradation of inositol to pL-idosaccharic acid 


and lead tetraacetate oxidation to a mixture of acetylated idosaccharic 
acids. The experimental conditions of this degradation were not described 
in the article, and only melting points of some of the intermediates were 
reported. Encouraged by this report, we decided to study in detail the 
conditions for the degradation of inositol to idosaecharic acid and the 
further oxidation of the latter to glyoxylic and formic acids. 

The reactions used in the degradation of inositol are summarized in Fig. 1. 
Throughout this work, we have followed the nomenclature and numbering 
system suggested by Lardy (6). 
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Methods 
Fig. 1) 


The preparation of this compound was carried out by a modification of 
the method described by Angyal and MacDonald (7). To 180 ml. of dry 
acetone, in a 500 ml. round bottom flask, 300 mg. of inositol, 24 gm. of 
anhydrous ZnCl., and 24 ml. of glacial acetic acid were added, and the 
solution was refluxed for 9 hours. By the end of 8 hours all the inositol 
had dissolved. The solution was allowed to cool to room temperature, and 
“) ml. of dry pyridine were added in order to remove the complex zinc- 
pyridine salt. The solution was left at room temperature overnight, and 
the precipitated salt was removed by filtration. The acetone was removed 
from the filtrate by distillation until the volume of the solution was reduced 
toGO0ml. More of the complex salt precipitated and was removed by filtra- 
tion. The clear yellow filtrate was adjusted to 90 ml. with dry pyridine, 
and 30 ml. of acetic anhydride were added. The solution was left over- 
night at room temperature, and any precipitate formed was removed by 
filtration. It was then concentrated by distillation, at a bath temperature 
of 40°, until the volume was reduced to 50 ml. A small precipitate was 
filtered off, and to the clear filtrate 60 ml. of cold chloroform were added. 
The solution was transferred into a separatory funnel and was extracted 
twice with 50 ml. portions of ice-cold 5 per cent solution of NasCO;. The 
CHC], layer was then extracted with 25 ml. portions of distilled water, 
until the last water extract was free of zine ions (negative ferrocyanide 
test), followed by drying with Na,SO,. The solution was concentrated to 
a syrup, and any pyridine left was removed by placing the syrup in a 
vacuum desiccator over H2SO,. The syrup was dissolved in 3 ml. of ethy! 
acetate, and petroleum ether (b.p. 30-60°) was added dropwise until 
permanent cloudiness was formed. After 2 days in the refrigerator the 
crystals were collected, washed with a little petroleum ether, and dried in 
the vacuum desiceator over P.O;. They weighed 370 mg., m.p. 118°. 
Recrystallization from ethyl acetate-petroleum ether vielded 335 mg. of 
crystals, m.p. 122-123°. This is in good agreement with the values of 
118 119° and 123-124° reported in the literature (7,5). The vield varied 
from 50 to 55 per cent of the amount of inositol employed, the latter vary- 
ing from 50 to 400 mg. 

Tetraacetylinositol (11)—Selective hydrolysis of the isopropylidene group 
of | was earried out as follows: To a solution of 300 mg. of compound I in 
16 ml. of acetone, 4 ml. of 0.166 N HCl were added, and hydrolysis was 
allowed to proceed at 30° for 12 hours. The solution was concentrated to 
a svrup by distillation at a bath temperature of 30°. The syrup was 
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dissolved in 5 ml. of warm ethanol, and a few drops of ligroin were added. 
On cooling in the refrigerator, crystallization started within 1 hour and wag 
allowed to proceed overnight for maximal yields. The crystals were col- 
lected, washed with a little ligroin, and dried in a vacuum desiccator over 
P,O;. Recrystallization from warm ethanol yielded 190 mg. (70 per cent) 
of tetraacetylinositol melting at 130°. Dangschat reported a melting point 
of 133° (5). Similar yields were obtained by hydrolyzing I in a mixture of 
12 ml. of acetone and 6 ml. of 0.04 nN HCI for 5 hours at 35°. 

Lead Tetraacetate Oxidation of 1I—The lead tetraacetate oxidation of II 
to the corresponding dialdehyde (III, Fig. 1) was carried out by a modifica- 
tion of the method of McClenahan and Hockett (8). To a solution of 199 
mg. of II in 15 ml. of dry benzene, an equimolar amount of lead tetraacetate 
(9) was added slowly in portions, while the solution was continuously 
stirred. The end of the reaction was tested with starch-iodide paper 15 
minutes after the last addition of lead tetraacetate. During this operation 
the temperature of the reaction mixture was maintained between 36-37°. 
The solution was filtered to remove the lead diacetate, and the clear filtrate 
was concentrated to a syrup. No attempt was made to crystallize the 
dialdehyde from the syrup. 

Bromine Oxidation of Dialdehyde (III, Fig. 1) to Corresponding Idosac- 
charic Acid—The syrup from the previous step was dissolved in 30 ml. of 
ice-cold methanol and was saturated with ammonia gas. The mixture was 
shaken to dissolve the dialdehyde and was left at room temperature for 3 
to 4 hours tightly stoppered. It was then concentrated to a syrup and 60 
ml. of distilled water were added to dissolve the syrup. The contents of 
the flask were transferred into a 120 ml. glass-stoppered Erlenmeyer flask, 
and 900 mg. of CaCO, and 0.16 ml. of bromine were added. The stop- 
pered flask was shaken for a while until all the bromine had dissolved 
and was placed in the dark until all the reducing power of the solution had 
disappeared. Excess bromine was removed by aeration, and the CaCO; 
was filtered off and washed with 20 ml. of hot water. The combined filtrate 
and washings were neutralized to pH 6.6 with a saturated solution of 
Ca(OH)., followed by concentration to 2 ml. The calcium salt of the p1- 
idosaccharic acid was precipitated by the addition of 3 volumes of ethanol. 
The dry salt weighed 91 mg., representing a yield of 67 per cent of the 
tetraacetylinositol used. The calcium idosaccharate was further purified 
by forming its phenylhydrazide, m.p. 218°, according to the method of 
Posternak (2), followed by regeneration of the free acid and crystallization 
of the acid potassium salt. In this manner 76.6 mg. were obtained. 

Resolution of pu-Idosaccharic Acid into Its Optical Isomers—The suc- 
cessful resolution of the two isomers was achieved by taking advantage of 
the different solubility in water and ethanol of the dibrucine derivatives of 
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the p- and L-idosaccharic acids. This difference in the solubility properties 
of the dibrucine salts was observed while we were studying the properties 
of different derivatives of synthetic p- and L-idosaccharic acids. The 
following is an account of the synthesis of the two idosaccharic acids, the 
preparation of their dibrucine salts, and the resolution of the two optical 
isomers from a racemic mixture. pb- and L-idosaccharic acids were pre- 
pared from p- and L-xylose by the method of Posternak (2). The idonic 
acids were isolated as the dibenzaldehyde derivatives, m.p. 228—232°,! and 
the corresponding idosaccharic acids were prepared in two different ways: 
(a) The free idonic acids are oxidized by HNO; according to the method of 
Fischer and Fay (10). The calcium idosaccharates were purified by form- 
ing their phenylhydrazides, m.p. 218° (2), followed by regeneration of the 
free acids and isolation of their sodium salts. (b) The dibenzalidonic acids 
are oxidized by alkaline permanganate to the corresponding dibenzal- 
idosaccharic acids (11), m.p. 238-242° for the p isomer and. 211—215° for 
the L isomer, followed by acid hydrolysis of the benzaldehyde group and 
isolation of the acids as their sodium salts. 

The specific rotations of the isolated sodium idosaccharates were [a]?° 
+6.13° + 0.4° for the p isomer and [a]?2> —6.12° + 0.5° for the L isomer 
(c = 1 per cent in H,O, based on the free acid, 1 = 2dm.). These rota- 
tions, measured 15 minutes after dissolving the salts, did not change over 
alhour period. A sample of the calcium salt of L-idosaccharic acid kindly 
sent to us by Professor H. O. L. Fischer gave a rotation of [a]?> —5.95° 
measured under similar conditions as those described above. Seebeck 
et al. (11), using a crystalline sample of p-idosaccharic acid, reported an 
initial rotation of {a]}* +15.6° which on standing kept decreasing until it 
reached a value of —9.2° 65 days later. None of our preparations nor that 
of Professor Fischer showed any mutarotation over a period of 6 hours at 
26° room temperature. The slow mutarotation observed by Seebeck e¢ al. 
could be the result of lactone formation, a phenomenon common with solu- 
tions of aldonic and saccharic acids. Lactonization would not be expected 
to occur with solutions of the sodium salts of saccharic acids as was the case 
with our preparations. 

Preparation of the dibrucine derivatives of the p- and u-idosaccharic acids 
was carried out as follows: 126 mg. (0.5 mmole) of the sodium salt of either 
isomer were dissolved in 30 ml. of water and stirred for a few minutes with 
Amberlite IR-120 (H+ form). The resin was filtered, and to the sodium- 
free filtrate 470 mg. of brucine were added, and the mixture was warmed 


' The dibenzal derivatives of the idonic acids were crystallized after seeding their 
solutions with authentic, crystalline dibenzal derivatives. The dibenzal-p-idonic 
acid was a generous gift sent to us by Dr. H. S. Isbell of the National Bureau of 
Standards, while dibenzal-t-idonic acid was prepared (2) from L-idonic acid that was 
kindly furnished by Dr. S. S. Cohen of our department. 
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gently until the brucine dissolved. The solution was concentrated to 4 
syrup at a bath temperature of 40° and triturated with 10 ml. of ethanol. 
Shortly, the syrup became granular and ‘‘dry”’ and settled to the bottom. 
The crystalline precipitate was collected on a sintered glass funnel and 
washed with 10 ml. of ethanol. Reerystallization was carried out by dis. 
solving the crystals in the minimal volume of hot ethanol (in the case of 
the p isomer) or hot ethanol containing 2 per cent methanol (in the case of 
the L isomer) and cooling in the refrigerator overnight. The crystals 
were collected and dried in a vacuum desiccator over NaOH pellets. The 
yield was 425 mg. for the L isomer and 405 mg. for the bp isomer. Both 
derivatives melted at 172° with decomposition (at 166° they began to dis- 
color). 

The dibrucine derivative of the p-idosaccharic acid is fairly soluble in 
ethanol at 50°. In water, 28 mg. per ml. yield turbid solutions which de- 
posit crystals when placed in the refrigerator overnight. The compound 
is soluble in methanol (50 mg. per ml. dissolve readily at room tempera- 
ture). In contrast, the dibrucine L-idosaccharate is slightly soluble in 
ethanol at 50°. Aqueous solutions at the concentration of 28 mg. per ml. 
remain perfectly clear even after storage at 5° for 1 week. The solubility 
in methanol is the same as that for the p isomer. 

The solubility differences of the dibrucine derivatives of the idosaccharic 
acids have been successfully used in resolving the isomers from the racemic 
mixture obtained from the degradation of inositol. A solution of 75 mg. 
of the acid potassium salt of the pL-idosaccharic acid in 20 ml. of water was 
deionized by stirring with Amberlite IR-120 (H+ form), and 280 mg. of 
brucine were added. ‘The solution was processed as described previously, 
and the dibrucine derivative of the pL-idosaccharic acid was collected on a 
sintered glass funnel. 12 ml. of ethanol warmed to 60° were poured onto 
the funnel (no suction at this point), and the solid material was stirred 
vigorously with a glass rod until the temperature of the mixture fell to 45°. 
Filtration was allowed to proceed by gravity until all the ethanol had gone 
through (it took approximately 5 minutes). The solid material remaining 
on the funnel was extracted two more times in a similar fashion, and the 
filtrates were combined and cooled to 10°. The solution was then seeded 
with a couple of crystals of dibrucine p-idosaccharate and placed in the 
refrigerator undisturbed. Soon crystals began to form, and crystallization 
was allowed to proceed for 1 week at 5-7°. The crystals were collected 
and recrystallized from the minimal volume of hot ethanol. After drying 
over P.O; in a vacuum desiccator, the crystals weighed 143.5 mg. The 
material remaining on the glass funnel, after the three ethanol extractions, 
was dissolved in the minimal volume of a warm mixture of 4 volumes of 
ethanol and 1 volume of methanol. The solution was allowed to cool to 
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20°, followed by seeding with a few crystals of the dibrucine L-idosaccharate 
prepared as described previously. After refrigerating the solution for 3 
days at 5°, crystals began to form which were collected on the 5th day. 
Recrystallization in a similar manner yielded 117.4 mg. of dry crystals. 
Regeneration of the free acids from their corresponding brucine derivatives 
was achieved by dissolving each brucine derivative ind ml. of H2O and add- 
ing NH,OH until the pH of the solution was about 11. The solution was 
then extracted with equal volumes of chloroform until the last chloroform 
extract was free of brucine (a drop of the chloroform extract was spotted 
on filter paper and examined under an ultraviolet lamp). Brucine has an 
intense fluorescence comparable to that of nucleotides. In this manner, a 
few micrograms of brucine can be easily detected. An alternative method 
is to measure the optical density of the chloroform extract in the Beckman 
spectrophotometer at 265 or 300 muy, the absorption peaks of brucine. 
The water layer containing the free idosaccharic acids was neutralized with 
KOH to the phenolphthalein end point and was concentrated to 0.5 ml. 
The potassium salt of each isomer was precipitated by the addition of 4 
to 5 volumes of ethanol. The precipitate was centrifuged, washed with 
acetone, and dried in a vacuum desiccator over paraffin shavings. In 
this manner 23.6 mg. of the potassium salt of L-idosaccharic acid and 25.7 
mg. of the p-idosaccharate were obtained. Their rotations, measured as 
described previously, were [a]?® —6.09° and [a]?® +6.12°, respectively. 
The over-all yield of the two isomers was 66 per cent of the initial racemic 
acid. The relation of the carbon atoms of the saccharic acids to those of 
inositol from which they were derived is shown in Fig. 1. 

Degradation of Idosaccharic Acid—The further degradation of idosac- 
charic acid to smaller identifiable compounds was carried out by periodic 
acid oxidation following, in principle, the procedure developed by Fleury 
and his coworkers (12, 13) for the degradation of tartaric and glucosac- 
charic acids. For each mole of idosaccharic acid oxidized 2 moles of gly- 
oxylic and 2 moles of formic acid were produced. The glyoxylic acid was 
isolated and determined according to the method of Radin and Metzler 
(14), while the formic acid was distilled and determined by titration as well 
as by oxidation to CO. by HgCl. The HgeCl. formed was determined 
gravimetrically (15). The following is a brief account of the actual pro- 
cedure. A solution of 50 wmoles of potassium idosaccharate in 1.5 ml. of 
water was chilled in an ice bath, and 3.0 ml. of a 0.1 m solution of periodic 
acid were added. Oxidation was allowed to proceed at 18° for 30 minutes 
in the dark. The oxidation mixture was transferred quantitatively into a 
Kutscher-Steudel extractor, and the volume was adjusted to 8 ml. with 
distilled water. Extraction was carried out for 8 hours with 250 ml. of 
ether. To the ether solution containing the glyoxylic acid, 20 ml. of water 
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were added, and the ether was removed by a stream of air. The remain- 
ing solution of glyoxylic acid was distilled to a syrup at a bath temperature 
of 40°, and the distillate (containing some formic acid that came over with 
the glyoxylic acid during the ether extraction) was trapped in an ice-cooled 
trap. The syrup was dissolved in 20 ml. of water and redistilled. This 
was repeated three times, and all the distillates were combined. The fina] 
syrup was dissolved in 5 ml. of water, and an aliquot was used for the 
quantitative estimation of glyoxylic acid, by using as a standard a pure 
synthetic sample of sodium glyoxylate (14). 

The aqueous solution in the extractor tube containing the formic acid 
and HIO3; was treated with excess of a Ba(OH)> solution, and the precipi- 
tated barium salt of HIO; was removed by filtration and washed with 10 
ml. of water. The filtrate and washings, containing the soluble barium 


TABLE | 
Periodic Acid Oxidation of Idosaccharic Acid to Glyozylic and Formic Acids 
Glyoxylic acid was determined as the 2,4-dinitrophenylhydrazone, while formic 
acid was estimated by titration with standard alkali and by oxidation with HgCl,. 
The calomel formed was weighed (47.2 mg. are equivalent to 100 uwmoles of formic 
acid). For details see the text. 


; Formic acid formed 
weer acid Glyoxylic acid formed 
Titration Hg2Cl: 
pmoles pmoles pmoles mg. 
50.0 | 98.9 100.5 46.1 


formate, were combined and stirred with Amberlite IR-120 (H+) form in 
order to remove the barium ions. The formic acid was distilled into the 
flask that was used before to trap any formic acid contained in the gly- 
oxylic acid fraction. In this manner the distillate contained the entire 
amount of formic acid. The quantitative estimation of formic acid was 
carried out by titration with standard NaOH solution by using phenol- 
phthalein as the indicator and by oxidation with HgCl, (15). The Hg2Ch 
was dried and weighed (11.803 mg. of calomel are equivalent to 25 umoles of 
formic acid). The results are summarized in Table I. The purity of the 
glyoxylic acid was established by (a) the 2,4-dinitrophenylhydrazone 
method of Metzler and Snell (16), (6) paper chromatography of the free 
acid (the solvent systems used were diethy] ether-glacial acetic acid-water 
(13:3:1), acetone-diethyl ether-glacial acetic acid-water (6:6:3:1) (17), 
and n-butanol-benzy] alcohol-water (5:5:1) and 1 ml. of 90 per cent formic 
acid (18)), and (c) periodic acid oxidation to equimolar amounts of CO; 
and HCOOH. (See the periodic acid oxidation of glyoxylic acid.) 
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Periodic Acid Oxidation of Glyoxylic Acid to Equimolar 
Amounts of CO2 and HCOOH 


Fleury and Lange (12) demonstrated that glyoxylic acid can be quanti- 
tatively oxidized to CO2 and formic acid. We have confirmed their 
findings and have shown that, when the oxidation is carried out at 34° with 
5 per cent excess of periodic acid, the reaction is complete in 5 hours. The 
CO, produced was determined manometrically in the Warburg apparatus, 
and the formic acid was determined by titration after removal of the HIO; 
and distillation of the HCOOH as described earlier. 

As a result of the above mentioned degradation of idosaccharic acid, 
three separate fractions were isolated, each containing 2 carbon atoms 
originally present in inositol. Table II indicates the distribution of the 
various carbon atoms of inositol in the three final fractions of the degrada- 


TaBLeE II 
Distribution of Various Carbon Atoms of Inositol in 
Three Final Fractions of Degradation 


The numbers refer to the carbon atoms of inositol, and the idosaccharic acid§ 
were derived by chemical degradation of inositol (see Fig. 1). 


3 Glyoxylic acid | 
Idosaccharic acid Formic acid 
COOH HC—0O 
D 1+ 2 3 + 6 4+ 5 
L 2+ 3 1+ 4 5 + 6 


tion. ‘The numbers in Table II refer to the carbon atoms of inositol and 
should be considered in conjunction with Fig. 1. It is evident from Table 
II that each of the three fractions contains different carbon atoms, depend- 
ing on which of the two isomers of idosaccharie acid is considered. 


DISCUSSION 


The degradation method of inositol described in the present paper de- 
serves certain comments. The fact that inositol gives rise to two idosac- 
charic acids with a different sequence of carbon atoms constitutes an ad- 
vantage in investigations dealing with C'* compounds. The reason for 
this is the fact that each carbon atom of inositol is contained in two differ- 
ent fractions which are isolated and counted separately and this affords a 
way of evaluating the accuracy of the method. In addition, since the 
specific activity of each isomer of idosaccharic acid is, by necessity, the 
same, one should be able to evaluate the quantitative aspects of the degra- 
dation from the recoveries of radioactivity in the three final fractions of 
the degradation. 
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Using the degradation method outlined above, we have degraded six 
different samples of inositol without experiencing any difficulty. By 
starting with 1.67 mmoles of inositol, approximately 111 uwmoles of each 
of the two optical isomers of idosaccharic acid were obtained. The over. 
all yield varied from 13.5 to 16 per cent. 


SUMMARY 


A method has been developed for the degradation of inositol to p1- 
idosaccharic acid. The resolution of the two optical isomers of the sac- 
charic acid was achieved by the different solubility of their brucine salts in 
ethanol. Periodic acid oxidation of the idosaccharic acids gave stoichio- 
metric amounts of formic and glyoxylic acids. The latter was further 
oxidized to equimolar amounts of CO, and formic acid. 
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It is over a century since Scherer discovered in Liebig’s meat extract a 
hexahydroxycyclohexane which he named inositol (1). Since that time 
a number of similar compounds have been shown to occur in nature, and a 
few others have been synthesized in the laboratory. Of the nine possible 
stereoisomeric forms of hexahydroxycychlohexane, myo-inositol is by far 
the most widely distributed in nature and the one which has been impli- 
eated in the nutrition of animals and microorganisms (2, 3). It is because 
of its universal occurrence and its vitamin-like activity that inositol, 
among all other cyclitols, received the greatest attention by chemists and 
biochemists alike. 

Among the many interesting problems concerned with the chemistry and 
metabolism of inositol, the mechanism of its biosynthesis still remains in 
the realm of speculation and uncertainty. That plants can synthesize 
inositol was quite evident from the beginning, since plants have been the 
richest source of inositol. Work by many investigators has established the 
fact that a number of microorganisms are able to synthesize inositol (4-7). 
With regard to the ability of animals to synthesize inositol, progress was 
slower since Vohl in 1858 reported that the urine of a man with diabetes 
insipidus contained inositol in amounts far in excess of the amount that 
could be accounted for from the food intake. Similar observations were 
later reported by Needham (8), and others (9, 10) have shown that glucose- 
C" is incorporated into inositol in animals. 

In a thorough presentation, Fischer discussed the chemical and biologi- 
cal relationships between hexoses and inositols (11). He proposed, as a 
working hypothesis, that inositol might be synthesized directly from glu- 
cose or glucose phosphates by a cyclization reaction. The observations of 
Portmann, as related by Fischer, that sharks have large amounts of inositol 
in the muscles of their fins, but no glycogen or other reserve carbohydrate 
in the liver, prompted the belief that inositol, formed from glucose directly, 
could serve as a source of blood glucose by the reopening of the inositol ring. 
The successful cyclization of glucose to inositol by chemical means by 


* Supported by grant No. C-2228(C2) from the National Institutes of Health, 
Public Health Service, Bethesda, Maryland. 
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Grosheintz and Fischer (11) offered a model experiment substantiating the 
cyclization hypothesis as the mechanism of its biosynthesis. 

After the development of methods for the orderly chemical degradation 
of inositol as described in Paper II (12), it was felt that the problem of the 
biosynthetic origin of inositol could be studied with the aid of C'*-labeled 
compounds. Furthermore, by using selectively labeled glucose-C"™, the 
cyclization hypothesis could be tested in a more decisive manner. 

The results presented in this paper indicate that in yeast glucose is not 
the immediate precursor of inositol and that smaller fragments, derived 
from glucose, condense to form inositol. 


EXPERIMENTAL 


Labeled Compounds—Glucose-1-C™, glucose-2-C', and glucose-6-C" 
were purchased from the National Bureau of Standards in Washington. 
C4H;COONa and HC“OONa were obtained from Tracerlab, Inc.; HCHO 
from the California Foundation for Biochemical Research. 

Culture Conditions—Torulopsis utilis Y-900 was grown with various 
radioactive compounds as described in Paper II (12). In the case of the 
cultures containing glucose as the sole source of carbon, each sample of 
radioactive glucose was diluted with unlabeled glucose to give a final con- 
centration of 2 per cent with the following specific activities (counts per 
minute per micromole of glucose): glucose-1-C'* 1806, glucose-2-C™ 1908, 
glucose-6-C'* 1748. In the case of the cultures containing C'4H;COONa, 
HC¥OONa, or HC'*HO, unlabeled glucose was added to give a final con- 
centration of 1 per cent. The acetate flask received 20 mg. of radioactive 
acetate containing 190 XK 10° c.p.m., the formate flask received 200 mg. of 
formate with 192 * 10° c.p.m., and the formaldehyde flask received 6 mg. 
of formaldehyde containing 200 10° ¢.p.m. 

Isolation of Radioactive Inositol—At the end of 48 hours, the cells from 
each culture were harvested, and the inositol content was determined as 
described in Paper I (13). After the addition of carrier inositol the radio- 
active inositol from each culture was isolated (12) and chromatographed on 
Dowex 1, borate columns, followed by crystallization to constant specific 
activity. The purity of the isolated inositols was determined from (a) 
specific activity data before and after column chromatography, (b) paper 
chromatograms and specific activity determinations of the eluted inositol 
areas, and (c) specific activity data in which the amount of inositol was 
determined gravimetrically, as well as by the specific bioassay method (13). 

Degradation of Inositol—Each sample of radioactive inositol isolated from 
the cultures grown with radioactive glucose was degraded by the procedure 
described in Paper II (12). The pt-idosaccharic acid was resolved into 
its optical isomers, and further oxidation with periodic acid produced the 
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expected amounts of glyoxylic and formic acids. The glyoxylic acid was 
oxidized with HIO, to equimolar amounts of CO, and HCOOH as described 
earlier, except that the reaction was carried out in test tubes instead of 
Warburg flasks. The CO2 was swept with CO.-free air into traps contain- 
ing NaOH solution and plated as BaCO;. The formic acid produced from 
the oxidation of the idosaccharic and glyoxylic acids was isolated by distil- 
lation and plated as HCOONa or oxidized to CO2 and plated as BaCQs. 
The quantitative aspects of the entire degradation have been described in 
detail in Paper IT (12). 


TABLE [ 
Biosynthesis of Inositol-C' by Yeast from Various C'%-Labeled Substrates 


Specific 
C-labeled substrate | activity of inositol specific. 
substrate synthesized | inositol? activity? 
c.p.m. per umole me. cpm. per umole | 
1,806 22.2 1900 | 1.05 
eS | 1,908 23.8 1144 | 0.60 
| 1,748 23.9 | 2426 | 1.39 
780,000 23.0 1616 
| 65, 306 22.9 2616 
HC4HO....... 22.5 337 


100 mg. of carrier inositol added in each experiment. 

* Each culture flask contained 200 K 10%¢c.p.m. For the amounts of the various 
substrates added, see the text. 

t The specific activities have been corrected for the dilution by the carrier inosi- 
tol. 

t This is the ratio of the specific activity of inositol to that of the corresponding 
substrate. 


Plating and Counting Methods—Organic compounds were plated on cop- 
per disks at infinite thinness, while samples of BaCO; were mounted on 
tared paper disks. All samples were counted in a windowless gas counter 
and corrected for self-absorption. The over-all counting error was 3 per 
cent. 


Results 


Table I summarizes the data with regard to the amount and specific 
activity of inositol synthesized from various radioactive substrates. The 
figures in the last column indicate the relationship between the specific 
activity of inositol and that of the corresponding substrate. It is clear that 
C-6 of glucose! was incorporated into inositol much more extensively than 


' The abbreviations C-1, C-2, etc., indicate carbon atoms 1, 2, etc., of glucose. 
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either C-1 or C-2. The apparent incorporation of C-6 was 1.3 times that 
of C-1 and 2.32 times that of C-2. The incorporation of HC“OONa and 
C4H;COONa into inositol was very high indeed, giving rise to inositol with 
a specific activity comparable to that obtained with glucose-1-C™ and 
glucose-6-C'* in spite of the extensive dilution of the acetate and formate 
carbons by the unlabeled glucose present in the culture medium. The 
poor incorporation of formaldehyde into inositol may be partly due to the 
loss of formaldehyde during the aeration of the cultures. No attempt was 
made to calculate the ‘relative specific activity”’ of inositol when acetate, 
formate, or formaldehyde was the radioactive substrate, since these com- 
pounds were continuously “diluted”? by similar compounds formed from 
the unlabeled glucose that was present. The radioactive inositols obtained 
from the cultures grown on glucose-C' were degraded to pu-idosaccharic 


TABLE II 


Degradation to p- and u-Idosaccharic Acids of Labeled 
Inositols Synthesized from Glucose-C' 


Specific activity of 


| Specific Inositol used in Specific tivity 
C-labeled substrate | activity of degradation of acids 
| inositol | Cujabeled | Unlabeled | inositol pform | form 
Glucose-1-C™........... 345.6 90 180 | 115.2 112.8 114.7 
224.7 40 =180 40.9 42.0 40.9 
Glucose-6-C™........... 166.6 90 | 180 155.5 | 156.0 | 153.2 


acid after appropriate dilution with unlabeled inositol. The racemic acid 
was resolved into its optical isomers, and aliquots were plated and counted 
at infinite thinness. The results are summarized in Table II. The purity 
of each idosaccharic acid (racemic form) was determined by crystallizing 
its phenylhydrazide to constant specific activity, followed by regeneration 
of the free acid and crystallization of the acid potassium salt. The specific 
activity of the latter was indistinguishable from that of its corresponding 
phenylhydrazide. Approximately 25 mg. of each isomer of idosaccharic 
acid were obtained with the following specific rotations: for the three p 
isomers [a]?> was +6.18°, +6.15°, +6.20° and for the three L isomers 
[a]” was —6.17°, —6.20°, and —6.18°. 

50 umoles of each isomer of idosaccharic acid were degraded to glyoxylic 
and formic acids, and aliquots of their sodium salts were plated and counted. 
In the case of formic acid another aliquot from each sample was oxidized 
to CO. by HgCl., and the CO» was plated as BaCQO; and counted. The 
counts obtained by direct plating of the formates were in good agreement 
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with the counts obtained from the corresponding BaCQ; plates (variation 
less than 5 per cent). The results of this degradation are shown in Table 
III. 

The distribution of radioactivity in the various samples of glyoxylic 


TABLE III 
Degradation of Idosaccharic Acid to Glyorylic and Formic Acids 
2 Acid formed Total radioactivity in acid 

substrate | Tdosaccharic 
Glyoxylic Formic Glyoxylic Formic 
umoles pmoles c.p.m. c.p.m. 
Glucose-1-C™ D 96.95 98.3 3249 2280 
L 99.21 97.8 1425 4104 
Glucose-2-C!4 D 98.9 100.0 999 1098 
L 100.2 97.7 2097 0 
Glucose-6-C' D 98.75 97.9 5000 2801 
| L 101.30 98.4 3944 3840 


*50 umoles of each isomer of idosaccharie acid were used in the degradation, 
containing a total radioactivity of 5700 c.p.m. in the case of glucose-1-C'™, 2100 
c.p.m. in the case of glucose-2-C™, and 7750 c.p.m. in the case of glucose-6-C"™. 


TaBLe IV 
Distribution of Radioactivity in Glyorylic Acid 


| C4 content of 2 carbon atoms of glyoxylic acid 
C-labeled substrate slyoxy lic 
CO2z HCOOH 
c.p.m. c. p.m. c.p.m. 
Glucose-1-C' p (3249) 0 3269 
(14285) 1405 0 
Glucose-2-C'™ p (999) 980 0 
(2097) 725 1361 
Glucose-6-C" | p (5000) | 0 | 4936 
| (044) 4057 | 0 


* The p and t letters refer to the p- and L-idosaccharie acids from which the re- 
spective glyoxylic acids were derived. The figures in parentheses indicate the total 
radioactivity of each sample of glyoxylic acid that was degraded. 


acid was achieved by HIO, oxidation to HCOOH and CO,. They were 
plated and counted as described above. The results are given in Table IV. 

As a result of this degradation of inositol, its 6 carbon atoms have been 
separated into three distinct fractions; (a) the CO, fraction containing the 
two carboxyls of the two glyoxylic acids, (b) the formic acid fraction con- 
taining the two carbonyls of the two glyoxylic acids, and (c) the formic acid 
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fraction containing the two formic acids derived from one idosaccharic 
acid. Since the sequence of the carbon atoms in the p- and L-idosaccharic 
acid is different, each of the three fractions mentioned above will contain 


TABLE V 


Relationship of Carbon Atoms of Idosaccharic Acid to 
Those of Glyozylic and Formic Acids 


idosaccharic acid 3 2 2 1 
(p-Idosaccharic acid) (t-Idosaccharic acid) 
CO: of glyoxylic acid......... 1+ 2 2+ 3 
HCOOH of glyoxylic acid..... 3+ 6 1+ 4 


The numbers refer to the carbon atoms of inositol from which the idosaccharic 
acids were derived. See also Fig. 1 of Paper II (12). 


TaBLeE VI 


Distribution of Radioactivity in Idosaccharic Acids and 
Relationship to Carbon Atoms of Inositol 


Casben atoms of C™ content of various carbon atoms of idosaccharic acid fromt 
Idosaccharic acid | inositol in idosaccharic 
acid® Glucose-1-C™ Glucose-2-C™ Glucose-6-C™ 
c.p.m. c.p.m. c.p.m. 
D 1+2 0 569 0 
3+ 6 1072 0 1555 
4+ 5 752 629 874 
L 2+ 3 470 415 1229 
1+ 4 0 783 0 
5 + 6 1354 0 1200 
*See Table V. 


t The radioactivity of 1 wmole of idosaccharic acid obtained from inositol-C™ was 
1898 c.p.m. in the case of glucose-1-C™, 1173 c.p.m. in the case of glucose-2-C™, and 
2418 c.p.m. in the case of glucose-6-C™. 


different carbon atoms of inositol. This relationship is illustrated in Table 
V. 

In those experiments in which the yeast was grown with glucose-C" 
as the sole source of carbon, it is possible to calculate the contribution of 
glucose carbon atoms to the biosynthesis of inositol. To do this one needs 
to know the specific activities of the respective glucose and inositol, the 
dilution of the synthesized inositol by the unlabeled inositol added during 
its isolation and degradation, and finally the distribution of radioactivity 


Fragment derived from degraded Hooc—c—¢—c—¢—cooH Hooc—¢—c—¢—c—coon 
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in the three fractions mentioned above. From the data presented in 
Tables I to V, one can calculate the data of Table VI. The dilution factor 
for the synthesized inositol-C™ was 16.5, 28.6, and 15.6 in the case of 
glucose-1-C'*, glucose-2-C™%, and glucose-6-C™, respectively. The data 
given in Table VI have been corrected for the above dilutions and were 
calculated for 1 wmole of inositol. From these data it is possible to deter- 
mine the radioactivity of each carbon atom by considering each time a pair 


TaBLe VII 
Contribution of Glucose Carbon Atoms to Biosynthesis of Inositol 
Specific C™ content of carbon atoms of inositol 
C-labeled substrate activity of 
inositol 1 2 3 4 5 6 
c.p.m. | c.p.m. | c.p.m. | c.p.m. | c.p.m. | c.p.m. 

1898 0 0 470 0 | 752 | 602 
1173 154 | 415 0} 629 0 0 
2418 0 0 | 1229 0 | 874 | 326 


(0:08)2 2(0.21) 


(0.19) 6 6(0.70) 
(0.33)! 1(0.26) 


(0.41)1  2(0.32) 
(0.50)6 
Fic. 1. Contribution of glucose carbon atoms to the biosynthesis of inositol. 
The numbers inside the ring indicate the carbon atoms of inositol, while those outside 
the ring indicate the glucose carbon atoms. The figures in parentheses indicate the 
activities of the various inositol atoms calculated as fractions of the corresponding 
glucose activities. 


(p and t forms) of idosaccharic acids derived from the same inositol. For 
example, if one considers the p- and L-idosaccharic acids that were syn- 
thesized from glucose-1-C"™, one finds that the 470 c.p.m. obtained in carbon 
atoms 2 and 3 of the L isomer must reside in carbon atom 3, since carbon 
atoms 1 and 2 (obtained from the p isomer) were devoid of any activity. 
In a similar manner one can determine from the experimental values the 
radioactivity of each carbon atom. The results are summarized in Table 
VII. The relationship of the glucose carbon atoms to those of inositol is 
better illustrated in Fig. 1 in which the activity of each inositol carbon is 
expressed as the fraction of the corresponding glucose activity. 
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DISCUSSION 


The results presented in this paper indicate that glucose is not the im- 
mediate precursor of inositol. This conclusion is based on the following 
considerations: (a) The specific activity of the synthesized inositol varied 
from 0.60 to 1.4 of that of the precursor glucose, depending on the type of 
glucose-C"* used. If randomization of C'* between C-1 and C-6 of glucose 
occurred through the triose phosphates of the glycolytic pathway, one 
would expect equal specific activities of the inositols synthesized from 
glucose-1-C'4 and glucose-6-C'™. The operation of the glucose-6-phosphate 
shunt coupled with the transaldolase and transketolase reactions would 
tend to dilute the ‘“‘glucose pool’’ by the loss of C' from glucose-1-C"™ but 
not from glucose-6-C'. This would explain the finding that the specific 
activity of inositol from glucose-1-C'* was lower than that from glucose- 
6-C“%, However, this cannot explain the very low specific activity of ino- 
sitol obtained from glucose-2-C'. The operation of the above mentioned 
pathways would tend to preserve the C-2 of glucose to a greater extent than 
the C-1, with the result that the activity of the ‘glucose pool’? would be 
higher in the case of glucose-2-C™ than in the case of glucose-1-C'*. (6) 
The fact that the specific activity of inositol obtained from glucose-6-C™ 
was significantly higher than that of glucose-6-C™ itself cannot be ex- 
plained from considerations of the pathways mentioned above if inositol 
was synthesized by cyclization of glucose. There is no simple explanation 
to account for the increase of the specific activity of glucose-6-C™ by con- 
sidering the metabolic pathways mentioned above. Any ‘‘metabolic 
intramolecular rearrangement” of the labeled carbon atom of glucose-6-C™ 
to produce glucose molecules with more radioactive carbon atoms should 
also produce equivalent molecules with less or no radioactivity; thus the 
specific activity of the glucose pool should remain fairly constant. It must 
be borne in mind that the yeast was grown on a medium with no other 
source of carbon than the added labeled glucose. (c) The distribution 
pattern of the glucose carbon atoms in the inositol molecule is even more 
convincing in implicating a biosynthetic mechanism other than cyclization 
of glucose. In a mechanism involving cyclization one expects to find the 
C-1 and C-6 of glucose next to each other in the inositol molecule. This 
was not however the case. Both C-1 and C-6 occupied the same positions 
in inositol. (d) The unequal contribution of C-1 and C-2 of glucose to the 
biosynthesis of inositol is not anticipated from considerations of the met- 
abolic pathways mentioned earlier in the discussion if cyclization is the 
mechanism of inositol biosynthesis. 

The present findings can be explained by a mechanism involving the 
condensation of a tetrose with a 2-carbon fragment. From the data of 
Fig. 1 it is evident that carbon atoms 6, 1, and 2 of inositol are derived 
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only to a small extent from C-1, C-2, and C-6 of glucose, and, therefore, 
they must have arisen from C-3, C-4, and C-5 of glucose. This, as well as 
the peculiar distribution of the C-2 of glucose, suggests that a tetrose, de- 
rived from glucose through the known transaldolase and transketolase 


DIAGRAM 1 
Suggested Pathway of Biosynthesis of Inositol from Glucose 


Singly labeled glucose* 


C—C°—C—C—C"—C* 


C4 C*6 C3 
| 
C° § C3 (2) 3 5 4 
C* 6 C4 C°§ C°§& C°S 
2-Carbon pool | | | 
C*6 C*6 C*6 
C'*-tetrose pool 


(3) | 
| | (3) 
; 


C—C—C—C—C—C 


Glucose carbon 5° 6° 6° 5° 5° 6° 
atoms §° 6° 3 4 & 6° 
| 5° 6* 4 3 5° 6° 
*C-1 and C-2 of glucose become C-6 and C-5, respectively, by randomization 
through the triose phosphates of the glycolytic pathway. Reaction 1 is catalyzed 
by transketolase and transaldolase. C° indicates glucose-2-C"™ or glucose-5-C'™; C* 
indicates glucose-6-C™. 


reactions, contributes carbon atoms 3, 2, 1, and 6 of inositol, while a 2- 
carbon fragment contributes carbons 4 and 5. The 2-carbon fragment 
does not appear to be identical with that of the transketolase reactions, 
since C-1 and C-2 of glucose contribute unequally to the inositol carbon 
atoms. A 2-carbon fragment derived from the tetrose mentioned above is 
suggested and could furnish the remaining 2 carbon atoms of inositol. 
The “tetrose pool’? would be in equilibrium with the ‘‘2-carbon pool,” and 
| mole of inositol would arise from equivalent amounts of the tetrose and 


| | (1) 
| 
) 
1 
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the 2-carbon fragment. Such a concept, the qualitative aspects of which 
are illustrated in Diagram 1, can explain the observed distribution of glu- 
cose carbon atoms in inositol. It is indicated from Diagram 1 that the 
C™ content of the various carbons of inositol bears the following relation- 
ships: C-3 equal to C-5 and both 3 times larger than C-6; C-2 equal to C-4 
and both 3 times larger than C-1. However, these relationships will be 
influenced by the relative rates of Reactions 2 and 3 (Diagram 1). 

It was interesting to note that Posternak et al., following the metabolism 
of inositol labeled with deuterium in position 2, obtained glucose with the 
deuterium in C-6 (14). The authors concluded that, if synthesis of inositol 
proceeds through the same pathway as its degradation, cyclization of 
glucose could not be the mechanism since the deuterium was found in C-6 
of glucose instead of C-5. 

The suggested pathway for the biosynthesis of inositol bears some 
resemblance to that of shikimic acid (15). Unlike inositol, however, shi- 
kimic acid derives only 2 of its carbons from C-6 of glucose. Also the incor- 
poration of C'*-labeled acetate and formate in shikimic acid was poor com- 
pared to the high incorporation in inositol. However, both inositol and 
shikimic acid may share a common tetrose. 

The detailed mechanism of the biosynthesis of inositol is now under 
investigation with cell-free systems. 


SUMMARY 


Inositol has been isolated from yeast cultures grown on glucose labeled 
with C" in various positions and on C'*-labeled acetate, formate, or form- 
aldehyde plus unlabeled glucose. The labeled inositols were degraded in 
a manner permitting the determination of the radioactivity of each carbon 
atom. The results obtained indicate that inositol is not synthesized 
directly from glucose by a cyclization reaction, but rather from smaller 
fragments derived from glucose. A pathway, involving the condensation 
of a tetrose with a 2-carbon fragment, was suggested as a possible biosyn- 
thetic mechanism. 


It is a pleasure to acknowledge the expert technical assistance of Mr. 
Thomas Pattison throughout this work. 
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SYNTHESIS AND METABOLISM OF 1,3-THIAZANE-4-CAR- 
BOXYLIC ACID DERIVED FROM FORMALDEHYDE 
AND HOMOCYSTEINE* 


By JOHN C. WRISTON, JR.,f anv COSMO G. MACKENZIE 


(From the Department of Biochemistry, University of Colorado School of 
Medicine, Denver, Colorado) 


(Received for publication, October 1, 1956) 


It has previously been reported from this laboratory that the accumula- 
tion of formaldehyde produced in the mitochondrial oxidation of sarcosine 
was substantially reduced in the presence of homocysteine, and that there 
was concurrently formed a new compound possessing a distinctive RP, (2). 
Furthermore, when exogenous formaldehyde and homocysteine were added 
to the mitochondrial preparation, formaldehyde disappeared and the en- 
zymatic oxidation of homocysteine was proportionately lowered. As 
shown by paper chromatography, the new compound was again formed. 
Finally, a compound possessing the same chromatographic properties was 
produced when homocysteine and formaldehyde were mixed at a physio- 
logical pH in the absence of mitochondria (2). This hitherto unknown 
compound has now been synthesized in a pure form and assigned the ac- 
companying structure, 1 ,3-thiazane-4-carboxylic acid. 


The present paper describes the synthesis of this thiazane carboxylic 
acid and its behavior in liver homogenates and in the animal body. 


Synthesis of Thiazane Carboxylic Acid 


Synthesis from Homocysteine—18.4 mmoles of pt-homocysteine (Nutri- 
tional Biochemicals Corporation) were dissolved in 30 ml. of hot, air-free, 


*This work was supported by grants from the National Institutes of Health, 
United States Public Health Service, and The National Foundation for Infantile 
Paralysis. Presented at the Forty-sixth meeting of the American Society of Bio- 
logical Chemists at San Francisco (1). 

t Postdoctoral Fellow of The National Foundation for Infantile Paralysis. Pres- 
ent address, Department of Chemistry, University of Delaware, Newark, Delaware. 
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doubly distilled water and filtered to remove undissolved homocystine pres- 
ent as a contaminant. The solution was then transferred to an aeration 
vessel, the pH adjusted to approximately 8 with dilute NaOH, and the 
vessel flushed with nitrogen for 5 minutes. An equimolar amount of form- 
aldehyde! (552 mg. in 22.2 ml. of water) was added, and the vessel was 
again flushed with nitrogen and sealed. On the following day the mixture 
was filtered and lyophilized. When the lyophilized material was chromat- 
ographed on Whatman paper No. 1 in an ascending 80 per cent phenol- 
water solvent system, it gave two ninhydrin-reactive spots, one with an 
Ry of 0.85 and the other with an Ry, of 0.33. The latter corresponds to 
the position of homocystine, some of which was probably produced by 
autoxidation of unchanged homocysteine on the paper. After the lyophil- 
ized powder had been twice crystallized from methanol-ether, to which a 
little concentrated HCl] had been added, a crystalline hydrochloride con- 
taining less than 0.5 per cent homocystine, as estimated? by paper chroma- 
tography, was obtained. The yield of thiazane carboxylic acid hydro- 
chloride, recrystallized once, was 2.5 gm., or 74 per cent of theoretical. 
The melting point was 227—229°, uncorrected. 

Synthesis from Homocysteine Thiolactone—1.76 mmoles of pDL-homocys- 
teine thiolactone hydrochloride (General Biochemicals, Inc.) were dis- 
solved in 15.2 ml. of 0.116 N NaOH to give a solution with a final pH of 
approximately 8. An equimolar amount of formaldehyde (53 mg. in 2.2 
ml. of water) was added immediately and the vessel was flushed with nitro- 
gen as described above. On the following day the reaction mixture was 
lyophilized without filtration. The solid thus obtained was dissolved in a 
little water and applied to a column of Dowex 1, in the hydroxide form. 
Sodium ions were removed by washing with water until the eluate was 
neutral and the adsorbed material was eluted with 1 N HCl. Those eluate 
fractions which contained ninhydrin-positive material, as determined by 
the method of Troll and Cannan (3), were combined and evaporated to 
dryness in vacuo, and the residue was recrystallized twice from methanol- 
ether. Paper chromatography of the product gave only one ninhydrin- 
reactive spot with an FP, of 0.85. The melting point was 227—229°, un- 
corrected. 


C;H,O.NS-HCl. Calculated. C 32.3, H 5.4, N 9.5, S 17.3, Cl 19.8 


Dinitrophenyl Derivative of Thiazane Carboxylic Acid—0.68 mmole of 


1 Prepared from Mallinckrodt analytical reagent, formaldehyde solution. 

2 In the estimation of the homocystine content, appropriate standards must be 
employed, since about 10 times as much of the thiazane is required to yield, with 
ninhydrin, a spot of comparable intensity. 
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thiazane carboxylic acid was combined with 200 mg. of NaHCOs, 2.5 ml. 
of water, and 5 ml. of ethanol containing 0.15 ml. of 1-fluoro-2 , 4-dinitro- 
benzene, according to the procedure of Porter and Sanger (4). The mix- 
ture was shaken for 2 hours and concentrated to remove ethanol. The 
residue was dissolved in water, acidified to Congo red paper with dilute 
sulfuric acid, and stored in the refrigerator overnight. The solid material 
obtained by filtration became oily in a short time and was dissolved in 
chloroform and dried over sodium sulfate. After filtration and concen- 
tration, the oil which was again obtained was taken up in warm methanol. 
A little water was added and the mixture was allowed to stand overnight 
in the refrigerator. Crystals of the N-2,4-dinitrophenyl derivative of 
thiazane carboxylic acid were obtained in a yield of 38 per cent. The de- 
rivative was recrystallized from ether-petroleum ether. It melted with 
decomposition at 150-152°, uncorrected. 


CyHi06N;S. Calculated, C 42.2, H 3.5, N 13.4; found, C 42.2, H 3.7, N 13.3 


The dinitrophenyl compound gave one spot with an Ry, of 0.68 when 
chromatographed on papers previously treated with phthalate buffer, pH 
6, in a solvent system composed of tert-amy] alcohol saturated with phthal- 
ate buffer, according to the procedure of Blackburn and Lowther (5). 

Reactions of Thiazane Carboxylic Acid—The compound gave a negative 
sulfhydryl test when treated with nitroprusside in the presence of potas- 
sium carbonate. The Van Slyke nitrous acid method for the determination 
of a-amino groups yielded no N2 with thiazane carboxylic acid under con- 
ditions by which the theoretical quantity of Nz. was obtained from methi- 
onine. No formaldehyde was formed from our compound in the chro- 
motropic acid test which involves heating at 95° in 11 m sulfuric acid (6). 
On the other hand, formaldehyde was obtained by treating the synthetic 
product with benzyl chloride or iodoacetic acid in the manner described 
by Ratner and Clarke (7) for opening the ring of thiazolidine-4-carboxylic 
acid. Thus the thiazane carboxylic acid gave a 27 per cent yield of form- 
aldehyde after treatment for 4 hours with benzyl chloride, and a 75 per 
cent yield of formaldehyde after treatment overnight with iodoacetic acid. 
Furthermore, S-benzylhomocysteine and S-carboxymethylhomocysteine 
were identified in the respective reaction mixtures by paper chromatog- 
raphy, the standards employed being the same compounds synthesized 
from homocysteine. 


Metabolism of Thiazane Carborylic Acid 


Liver Preparations—When 10 yumoles of pui-thiazane carboxylic acid 
were incubated with a homogenate of whole rat liver (8), the oxygen up- 
take was sufficient to account for the divalent dehydrogenation of approxi- 
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mately one-half of the substrate. In view of this indication that only one 
of the isomers was metabolized, thiazane carboxylic acid was synthesized, 
starting with both L- and p-homocysteine thiolactone. When the result- 
ing thiazanes were incubated with the whole liver homogenate, approxi- 
mately 1 microatom of oxygen was consumed per micromole of the p form, 
whereas only 0.1 microatom of oxygen was used per micromole of the 1 
isomer (Fig. 1). 

The oxygen uptake obtained with all of our preparations of L-thiazane 
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Fic. 1. Oxidation of the optical isomers of thiazane carboxylic acid by a whole 
homogenate of rat liver. The p form is represented by the solid line and the Lt form 
by the broken line. The incubation mixtures contained 10 uwmoles of substrate and 
the oxygen uptake was corrected for the endogenous rate. 


carboxylic acid was consistently low and, depending on the batch, ranged 
from 0 to 0.15 microatom of oxygen per micromole of incubated substrate. 
It seemed possible that these results were due to variable contamination 
of the L form with the p isomer. Polarimetric analysis of preparations of 
L- and p-thiazane carboxylic acid revealed specific rotations of [a]? —12.5° 
and [a]2’ +5.8°, respectively (1 per cent solutions in 1 N HCl), whereas the 
starting L- and p-homocysteine thiolactones gave equal and opposite rota- 
tions of +21.3° and —21.3°, respectively, in agreement with the values 
reported by du Vigneaud, Patterson, and Hunt (9). Thus, there was par- 
tial racemization of homocysteine thiolactone, or of some intermediate, 
under the mildly alkaline conditions of the synthesis. The former possi- 
bility seems more likely in view of the verbal report of Sloane and coworkers 
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(10) that the p- and t-homocysteine thiolactones undergo racemization 
when incubated in a mildly alkaline buffer. 

In order to investigate more critically the metabolism of L-thiazane car- 
boxylic acid, the compound labeled in carbon 2 was prepared from radio- 
formaldehyde* and t-homocysteine thiolactone hydrochloride. The la- 
beled L-thiazane carboxylic acid was incubated with homogenates prepared 
from both pigeon and rat liver, and formaldehyde and carbon dioxide were 
isolated by use of the carrier techniques previously described (11). As 
shown in Table I, only a trace of the labeled carbon atom was converted to 
formaldehyde and carbon dioxide. , 

The distribution of C" in the soluble fraction, obtained by precipitation 
of proteins with phosphoric acid followed by centrifugation and neutraliza- 


TABLE I 
Metabolism of L-Thiazane Carborylic Acid-2-C™ by Liver Homogenates 


10 umoles of substrate were incubated in air at 37° for 2 hours with the homogenate 
from 0.5 gm. of liver suspended in 2.4 ml. of 0.075 m potassium phosphate buffer, 
pH 7.8, containing 0.001 m MgSO,. 


Per cent C™ recovered 
Isolated 
Pigeon Rat 
Formaldehyde................. 0.9 1.5 
Carbon dioxide.................. 0.3 0.6 
Thiazane carboxylic acid... >70 >70 


tion, was examined by chromatographing this fraction on paper in an 80 
per cent phenol-water system. ‘The paper was then scanned by means of 
a thin mica window Geiger-Miiller counter. All of the radioactivity was 
found to be in and around the thiazane carboxylic acid spot, and it could 
be estimated, with a radiothiazane carboxylic acid standard, that more 
than 70 per cent of the incubated thiazane carboxylic acid was still present 
as such. However, a small conversion of substrate to methionine was not 
eliminated, inasmuch as any methionine would be located just below thia- 
zane carboxylic acid on the paper. Consequently, carrier methionine was 
added to the supernatant fraction of the homogenate and the mixture was 
treated with hydriodic acid to split the methyl group from methionine, 
according to the procedure of Barnstein as modified by Simmonds et al. 
(12). The methyl iodide produced was devoid of significant radioactivity, 
showing that there was a negligible conversion of carbon 2 of L-thiazane 
carboxylic acid to the methyl carbon of free methionine. 


* Received on allocation from the United States Atomic Energy Commission. 
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The protein precipitated from the incubation mixture was washed three 
times each with water, alcohol, and ether, transferred to planchets, and 
counted at infinite thickness. In both the pigeon and rat liver experi- 
ments, this protein fraction contained 0.5 per cent of the incubated C*, 

Whole Animal Experiments—An adult rat was injected intraperitoneally 
with 1 mmole of L-thiazane carboxylic acid-C and placed in a metabolism 
train (13). After 26 hours, only 6 per cent of the administered C™ had 
appeared in the expired carbon dioxide. During the same time 55 per 
cent of the administered radiothiazane was excreted in the urine as meas- 
ured by isolation, with use of the carrier technique. The pooled visceral 
proteins contained only 0.5 per cent of the ingested C™, thus eliminating 
the extensive conversion of carbon 2 of L-thiazane carboxylic acid to methi- 
onine in the intact animal. 

Next examined was the possibility that thiazane carboxylic acid is an 
intermediate in the oxidation of the methyl group of methionine to carbon 
dioxide (13). Two doses of approximately 100 mg. each of non-isotopic 
pL-thiazane carboxylic acid were administered 2 hours apart to an adult 
rat by intraperitoneal injection. 26 mg. of Lt-methionine labeled with C¥ 
in the methyl group‘ were injected with the second dose. The animal was 
kept in a metabolism apparatus throughout the experiment and the re- 
spiratory carbon dioxide and urine were collected for 24 hours. The car- 
bon dioxide contained 60 per cent of the administered C™. After the pres- 
ence of thiazane carboxylic acid in the urine had been verified by paper 
chromatography, carrier thiazane was added to the heated urine and iso- 
lated on cooling. Although there was a rapid oxidation of the methyl 
group of the radiomethionine to C“QOs, the thiazane carboxylic acid isolated 
from the urine contained no detectable radioactivity. Therefore, under 
the conditions employed, thiazane carboxylic acid was not an important 
intermediate in the oxidation of the methyl groups of methionine. 

The metabolic inertness of L-thiazane carboxylic acid contrasts sharply 
with the biochemical reactivity of its lower homologue, thiazolidine car- 
boxylic acid. The latter compound is rapidly oxidized by liver mitochon- 
dria to yield N-formylcysteine (14), and it is further metabolized by whole 
liver homogenates. Moreover, thiazolidine carboxylic acid is as good a 
source of dietary cystine as cystine itself, whereas thiazane carboxylic acid 
cannot replace cystine or homocystine in the diet.5 In view of the results 
reported in this paper, it seems possible that homocysteine and its pre- 
cursors may be able to trap and hold exogenous and endogenous formalde- 
hyde. It has already been shown that this is so in a mitochondrial system 

* We wish to thank Professor Vincent du Vigneaud for the radiomethionine used in 


this experiment. 
5 Unpublished data, H. J. DeBey and C. G. Mackenzie. 
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(1). Since formaldehyde is a powerful poison, as well as a mutagenic 
agent (15), the possibility of its conversion to a relatively inert compound 
in vivo is not without practical considerations. 


SUMMARY 


A condensation product of formaldehyde and homocysteine has been 
synthesized at physiological pH in good yields from either homocysteine or 
its thiolactone. The structure of the new cue is 1,3-thiazane-4- 
carboxylic acid. 

When t-thiazane carboxylic acid-2-C™“, prepared from radioformalde- 
hyde, was incubated with rat or pigeon liver homogenates, there was no 
appreciable increase in oxygen consumption, and only trace amounts of 
radioformaldehyde and CQ, were formed. The D isomer, on the other 
hand, was rapidly oxidized in these preparations. 

In the whole animal, the C™ of administered L-thiazane carboxylic acid- 
2-C4 was not a precursor of the methyl group of methionine. Further- 
more, thiazane carboxylic acid was not an important intermediate in the 
oxidation of L-methionine-C'H; to radiocarbon dioxide. 

The possible significance of the metabolic inertness of L-thiazane car- 
boxylic acid has been discussed. 


BIBLIOGRAPHY 


1. Wriston, J. C., Jr., Federation Proc., 14, 308 (1955). 
2. Mackenzie, C. G., in McElroy, W. D., and Glass, B., Amino acid metabolism, 
Baltimore, 724 (1955). 

. Troll, W., and Cannan, R. K., J. Biol. Chem., 200, 803 (1953). 

. Porter, R. R., and Sanger, F., Biochem. J., 42, 287 (1948). 

. Blackburn, A. G., and Lowther, S., Biochem. J., 48, 126 (1951). 

. Frisell, W. R., Meech, L. A., and Mackenzie, C. G., J. Biol. Chem., 207, 709 

(1954). 

7. Ratner, S., and Clarke, H. T., J. Am. Chem. Soc., 59, 200 (1937). 

8. Mackenzie, C. G., Johnston, J. M., and Frisell, W. R., J. Biol. Chem., 203, 743 
(1953). 

9. du Vigneaud, V., Patterson, W. I., and Hunt, M., /. Biol. Chem., 126, 217 (1938). 

10. Sloane, N. H., Boggiano, E., Smith, B., and Hutchings, B. L., Federation Proc., 
14, 282 (1955). 

ll. Mackenzie, C. G., J. Biol. Chem., 186, 351 (1950). 

12. Simmonds, S., Cohn, M., Chandler, J. P., and du Vigneaud, V., J. Biol. Chem., 
149, 519 (1943). 

13. Mackenzie, C. G., Chandler, J. P., Keller, E. B., Rachele, J. R., Cross, N., and 
du Vigneaud, V., J. Biol. Chem., 180, 99 (1949). 

l4. Harris, J., and Mackenzie, C. G., Federation Proc., 14, 223 (1955). 

15. Englesberg, E., J. Bact., 63, 1 (1952). 


ore 


| 


ql 

al 

(h 

of 

ar 

ist 

cr 

Th, 

Le 
ha 

an 

po 

hy 

un 

hy 
de 

tol 

of 

(p 

(C 

rat 

eX) 

thi 


METHYLATION AND DEHYDROXYLATION OF PHENOLIC 
COMPOUNDS BY RATS AND RABBITS 


By FLOYD Dek DS, ALBERT N. BOOTH, FRANCIS T. JONES 


(From the Western Utilization Research Branch, Agricultural Research Service, 
United States Department of Agriculture, Albany, California) 


(Received for publication, September 24, 1956) 


It has been reported by Murray, Booth, DeEds, and Jones (1) that oral 
administration of rutin, or its aglycone quercetin, to rabbits results in the 
urinary excretion of 3,4-dihydroxyphenylacetic acid (DHPAA). Subse- 
quently, Booth et al. (2) showed that oral administration of these flavonoids 
also resulted in the excretion of 3-methoxy-4-hydroxyphenylacetic acid 
(homovanillic acid (HVA)), and produced a marked increase in the amount 
of m-hydroxyphenylacetic acid (m-HPAA) which they found in small 
amount in normal rabbit urine. ‘They also demonstrated that oral admin- 
istration of DHPAA to both rabbits and rats resulted in the urinary ex- 
cretion of HVA and m-HPAA. 

Methylation of hydroxyl group 3 of DHPAA would account for the for- 
mation of HVA, while removal of hydroxyl group 4 would yield m-HPAA. 
Lederer (3) stated in 1949 that ‘“‘methylations of phenolic hydroxyl groups 
have not yet been observed in the animal organism,”’ but in 1951 Maclagan 
and Wilkinson (4) reported the methylation of a hydroxyaromatie com- 
pound in the human body. The ability of the animal body to introduce 
hydroxyl groups into the benzene ring is, of course, well known, but we are 
unaware of any investigations demonstrating the removal of a phenolic 
hydroxyl group. 


EXPERIMENTAL 


To secure additional information on the occurrence of methylation and 
dehydroxylation of phenolic compounds, a study was made of the excre- 
tory products in rat and rabbit urine before and after oral administration 
of other 3,4-dihydroxy compounds; namely, 3,4-dihydroxybenzoic acid 
(protocatechuic acid (PA)), 3,4-dihydroxycinnamic acid (caffeic acid 
(CA)), and 3,4-dihydroxyphenylalanine (dopa). These substances were 
given by stomach tube to the rabbits and were mixed in the diet for the 
rats. A commercial ration was fed to the rabbits in pellets during these 
experiments.' The rats received a ration consisting chiefly of natural feed- 
stuffs (5). 


‘Rockland rabbit ration. Use of this product does not imply indorsement by 
this laboratory. 
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The urine samples were collected in acid over a 24 to 48 hour period and 
processed as described earlier (6). Ascending two-dimensional paper chro- 
matograms of the ether extracts were developed with a mixture of chloro- 
form, acetic acid, and water (2:1:1) in the first direction, followed by 20 
per cent aqueous potassium chloride in the second direction. The chro- 
matograms were sprayed with a solution of diazotized sulfanilic acid fol- 
lowed by 20 per cent sodium carbonate. In all cases direct comparisons 
were made of the location and characteristic colors of the areas produced by 
unknown and by authentic compounds. When feasible, chromatographic 
identification of metabolites was supplemented with spectrophotometric 
and crystallographic data. 


Results 


Chromatographic examination of rat or rabbit urine after oral adminis- 
tration of PA showed the presence of a reddish orange spot typical of 
3-methoxy-4-hydroxybenzoic acid (vanillic acid (VA), Fig. 1). The iden- 
tity of this metabolite was also established by spectrophotometric and 
crystallographic examination of material eluted from an appropriate area 
of an unsprayed chromatogram. The properties of VA given in Table | 
were observed on crystals of synthetic VA grown from water or by sub- 
limation.? 

The chromatograms, after being sprayed, did not show any change in 
the amount of m- or p-hydroxybenzoic acids (m-HBA or p-HBA) compared 
to control chromatograms before PA was given. In other words, there 
was no evidence that a 3,4-dihydroxyphenyl compound which has a 1 
carbon side chain undergoes dehydroxylation, as was shown to occur in 
the case of DHPAA (2). 

Chromatograms prepared from rabbit and rat urines after oral adminis- 
tration of CA demonstrated the presence of 3-methoxy-4-hydroxycinnamic 
acid (ferulic acid (FA)), 3-methoxy-4-hydroxyphenylpropionic acid (di- 
hydroferulic acid (DHFA)), 3,4-dihydroxyphenylpropionic acid (dihydro- 
caffeic acid (DHCA)), and m-hydroxyphenylpropionic acid (m-HPPA). 
Work is now in progress to obtain crystallographic confirmation of the 
identity of FA, DHFA, and DHCA. 

An unusual feature was encountered on chromatograms of either syn- 


2 Generally, crystals of VA, grown by cooling a hot aqueous solution, form as 
tapered needles in loose clusters, the needles often being curved. Crystals obtained 
by sublimation from slide to cover glass are mostly short prismatic needles, some of 
which show end views that have a rhomb-shaped cross section. Almost all of the 
crystals either from solution or sublimation are twinned. In some positions the crys- 
tals show parallel extinction but the extinction is usually oblique on ordinary views. 
The maximal extinction angle is about 27°. 
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thetic FA and CA or urinary extracts after CA was fed. There were two 
spots, instead of a single area, in evidence for each of these compounds, as 
indicated in Fig. 1. This is probably due to cis-trans isomerism as reported 
by Williams (7). 


SOLVENT FRONT 


(=) 


©) 
@ 


* Fo 20% AQUEOUS POTASSIUM CHLORIDE 


CHLOROFORM-ACETIC ACID-WATER (2:1:1)<—I 


Fic. 1. Two-dimensional schematic chromatogram of phenolic acids, with com- 
pounds and color reactions as follows: Spot 1, 3,4-dihydroxyphenylacetie acid 
(DHPAA), red then black; Spot 2, m- or p-hydroxyphenylacetie acid (m-HPAA or 
p-HPAA), yellow-orange or red; Spot 3, 3-methoxy-4-hydroxyphenylacetic acid 
(HVA), red; Spot 4, m- or p-hydroxybenzoic acid (m-HBA or p-HBA), yellow-orange; 
Spot 5, m-hydroxyphenylpropionic acid (m-HPPA), yellow-orange; Spot 6, 3-meth- 
oxy-4-hydroxyphenylpropionic acid (DHFA), red; Spot 7, 3-methoxy-4-hydroxy- 
benzoic acid (VA), reddish orange; Spot SA, trans-3-methoxy-4-hydroxycinnamic 
acid (FA), violet; Spot 8B, cts-3-methoxy-4-hydroxycinnamic acid (FA), violet; 
Spot 9, 3,4-dihydroxybenzoiec acid (PA), red then black; Spot 10A, trans-3,4-dihy- 
droxycinnamie acid (CA), black; and Spot 10B, cis-3,4-dihydroxycinnamic acid 
(CA), black. 


In order to account for the formation of m-HPPA, DHCA, and DHFA 
from CA, a reduction of the double bond in the side chain must have taken 
place. In addition to chromatographic identification of m-HPPA, as evi- 
denced by a yellow-orange area identical with that produced by synthetic 
m-HPPA, Fig. 1, the optical and crystallographic characteristics of material 
isolated from urine were found to be the same as those of an authentic 
sample. 
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The optical and crystallographic properties of m-HPPA in Table I were 
determined on crystals of synthetic material grown from water, chloro. 
form, methylene chloride, ethylene bromide, and related solvents by slow 
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evaporation, and on crystals grown by fusion.* 


TABLE I 


Optical and Crystallographic Properties of Vanillic Acid, m-H ydroryphenyl propionic 


Acid, and Homovanillic Acid 


Vanillic acid 


| 


m-Hydroxyphenyl- 
propionic aci 


Homovanillic acid 


Monoclinic system 


Monoclinic system 


| Orthorhombic system 


Refractive in- a = 1.438 
dices (5893 A) | 8 = 1.74 
» = 1.78 


‘ 


(parallel) = 1.484. 


(—) 2V = 34° calcu- 
lated 


Axial angle 


Dispersion 


Axial plane = 010; 
extinction angle 
(a vs. length) = 


Optic  orienta- 


tion 


Fusion data 
to ragged, curv- 
ing, twinned, 
prismatic splin- 


ters; some stubby 


end views 


The demonstrated ability of the rabbit and the rat to methylate hy- 
droxyl group 3 of 3,4-dihydroxyphenyl compounds having side chains of 


* The crystals of m-HPPA grown from the solvents are usually tabular, rhomb- 
shaped plates, but the edges are rounded or ragged, and internal cavities are likely 
The acute angle of the rhomb is about 45°. 
lets show symmetrical extinction, and give an interference figure that shows one optic 
axis about 40° off center with the acute bisectrix out of the field. The axial plane 


to be present. 


M.p. 210°; sublimes | 


= 1,527 
1.594 
_y = 1.704 


= 1.643 


(+) 2V = 80° calcu- 
lated 


None 


Axial plane = 010; 
extinction angle 
(y vs. length) = 
34°; 
tablets 
and ¥’ 


show 8 


M.p. 110-112°; met- 
astable phase, 
transforming to 
stable phase if 
warm; partial re- 
melt gives blades 
of stable phase 
showing 1 optic 
axis 


plates 


a = 1.568 
= 1.583 
» = 1.697 


(+) 2E = 68.5° ob- 
served; 2V = 42° 
ealculated 

(v > r) slight 


Tablets (end angle 
= 130°) show cen- 
tered Bx, figure, 
a lengthwise 


M.p. 143-144°; scales 
or plates showing 
same interference 
figure as_ tablets 
from solution 


The rhomb-shaped tab- 
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1, 2, or 3 carbon atoms, and to remove hydroxyl group 4 when 2 or 3 carbon 
atoms are in the side chain, aroused interest in the metabolic fate of dopa. 
Chromatographic examination of ether extracts of urines after oral ad- 
ministration of dopa yielded results indistinguishable from those obtained 
after administration of rutin, its aglycone quercetin, or DHPAA (2); 
namely, the excretion of DHPAA, m-HPAA, and HVA (Fig. 1). Identi- 
fication of DHPAA, m-HPAA, and chromatographic characteristics of 
HVA have been reported (1, 6). The optical and crystallographic proper- 
ties of synthetic HVA and the product isolated from urine were the same. 
The properties of synthetic HVA listed in Table I were observed on crys- 
tals grown from water, from methylene chloride, or from fusion. The 
common habit of the crystals is tabular to platy. The plates are about 
twice as long as they are wide and have an end angle of 130°. 


DISCUSSION 


The formation of DHPAA from dopa may be accounted for by the ac- 
tion of dopa decarboxylase which converts dopa to hydroxytyramine (8, 
9), which in turn yields dihydroxyphenylacetaldehyde by the action of 
amine oxidase. The aldehyde would be oxidized readily to DHPAA. 
Since making these observations on the metabolism of dopa, our attention 
has been directed to the findings of Lin (10), who, in 1948, reported the 
isolation of DHPAA from the urine of white rabbits which had been fed 
dopa. More recently von Euler, von Euler, and Floding (11), and von 
Euler (12) reported the normal urinary excretion of a compound chromato- 
graphically identical with DHPAA and formed by incubation of guinea pig 


bisects the acute angle of the rhomb. Crystals grown by fusing a little of the com- 
pound under a cover glass at approximately 150° and allowing the slide to cool always 
appear first as a metastable phase. The first crystals to appear are usually blades 
with low order polarization colors, but these soon branch and become surrounded by 
a ragged spherulitic aggregate of plates and blades in various orientations. As 
cooling proceeds, another phase of lower order color usually appears spontaneously, 
and grows rapidly in the remaining liquid, also causing the metastable phase to trans- 
form. At room temperature the solid to solid transformation is very slow. If the 
crystals are heated over a small flame or hot plate so as to melt about half the width 
of the preparation, the stable phase will grow into the melt on cooling. The crystals 
that grow as acute, pointed blades show a low order polarization color and parallel 
extinction; they show the same interference figure as the tablets obtained from 
solution; on these the refractive indices 8 and y’ can be measured. Crystals growing 
on edge show much higher order polarization colors and an extinction angle of about 
34°; on these the refractive indices a and y can be measured. By prying off the cover 
glass, refractive indices can be determined by immersion methods on the fragments 
exposed. The metastable phase showed an interference figure (—) 2E = 80° with 
the axial plane lengthwise of the blade. No refractive indices were determined. 
The crystal system is probably orthorhombic. 
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liver tissue with hydroxytyramine. As far as the authors are aware, the 
present report supplies the first evidence that m-HPAA and HVA are 
metabolites of dopa and result from the dehydroxylation and methylation 
of DHPAA, respectively. 

Recent confirmation of our results has been reported by Shaw, McMillan, 
and Armstrong, with the finding of DHPAA and HVA in the urine of hy. 
mans after oral ingestion of dopa (13). 

Attempts to make quantitative determinations of the various metabolites 
appearing in urine are under way, in order to discover the extent to which 
a given substance is converted into its corresponding metabolites. The 
possibility must not be overlooked that additional metabolites not as yet 
identified may be recognized with the application of techniques other than 
those used here. By the use of substrates labeled with radioactive carbon, 
it may be possible not only to estimate the amounts of each of the various 
urinary products formed but also to determine the extent to which degrada- 
tion to CO, takes place. 


SUMMARY 


Identification of the metabolites excreted in the urine of rats and rabbits 
after oral administration of 3,4-dihydroxybenzoic acid, 3,4-dihydroxy- 
cinnamic acid, and 3,4-dihydroxyphenylalanine has demonstrated the abil- 
ity of these species to methylate and dehydroxylate certain phenolic com- 
pounds. Methylation of hydroxyl group 3 of the above three compounds 
produced 3-methoxy-4-hydroxybenzoic acid, 3-methoxy-4-hydroxycin- 
namic acid, 3-methoxy-4-hydroxyphenylpropionic acid, and 3-methoxy-4- 
hydroxyphenylacetic acid. Some of the 3,4-dihydroxyphenylacetic acid 
which was not methylated or excreted as such suffered a loss of a hydroxy! 
group in the para position to form m-hydroxyphenylacetic acid. Some of 
the 3,4-dihydroxycinnamic acid which was not methylated or excreted as 
such not only suffered a loss of a hydroxy] group in the para position but 
also required reduction of the double bond in the side chain in order to form 
m-hydroxyphenylpropionic acid. 


It is a pleasure to thank Dr. W. G. Rose for an authentic sample of 
m-hydroxyphenylpropionic acid and Mr. G. F. Bailey for the absorption 
spectrum of vanillic acid. We are also indebted to Dr. Irwin A. Pearl, In- 
stitute of Paper Chemistry, Appleton, Wisconsin, for authentic samples 
of homovanillic acid and ferulic acid. 
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FURTHER STUDIES ON THE UTILIZATION OF 
6-AMINOLEVULINIC ACID FOR 
PORPHYRIN SYNTHESIS* 


By ELLIOTT SCHIFFMANNf anno DAVID SHEMIN 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York, New York) 


(Received for publication, September 24, 1956) 


6-Aminolevulinie acid, a product of the condensation of succinate and 
glycine, has been postulated to be the source of all the atoms of the porphy- 
rins (2). From the mode of condensation of succinate and glycine to form 
a-amino-3-ketoadipie acid, which on decarboxylation yields 6-aminolevu- 
linie acid, the hypothetical origin of the carbon atoms of this amino ketonic 
acid is known. Carbon atoms numbered | to 4 should arise from succinate 
and carbon atom number 5, bearing the amino group, originates from the 
a-carbon atom of glycine (2). 

It has been demonstrated that 6-aminolevulinic acid-5-C™ is converted 
into radioactive protoporphyrin whose labeling pattern is the same as that 
previously found in the porphyrin synthesized from glycine-2-C™ (3, 4). 
If the 6-aminolevulinie acid is indeed the source of all the carbon atoms of 
the porphyrin, then it remained to be demonstrated experimentally that 
the succinyl moiety of this amino ketone entered the porphyrin molecule 
in the same positions as those known to arise from succinate. According 
to this hypothesis 6-aminolevulinic acid-1,4-C™ should produce precisely 
the same labeling pattern as that which was previously found for carboxy]- 
labeled succinate; 10 carbon atoms of protoporphyrin should be equally 
labeled and be in the positions shown in Fig. 1 (4, 5). 

A hemolyzed preparation of duck erythrocytes was incubated with 
6-aminolevulinie acid-1,4-C™. The hemin isolated at the conclusion of the 
incubation period was found to be radioactive. This radioactive hemin 


* This work was supported by grants from the Rockefeller Foundation, from the 
National Institutes of Health, United States Public Health Service (A-1107(C-8)), 
from the American Cancer Society on the recommendation of the Committee on 
Growth of the National Research Council, and from the Williams-Waterman Fund. 
The results were reported at the Ciba Foundation symposium on porphyrin biosyn- 
thesis and metabolism, February, 1955 (1). 

t Fellow of the United States Public Health Service, 1952-54. This report is part 
of the dissertation submitted by E. Schiffmann in partial fulfilment of the require- 
ments for the degree of Doctor of Philosophy in the Faculty of Pure Science, Colum- 
mm University. Present address, National Institutes of Health, Bethesda 14, Mary- 
and. 
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was degraded in a manner enabling us to isolate particular fragments of ( 
the molecule and carbon atoms from particular positions. Q 

If the hemin synthesized from 6-aminolevulinic acid-1,4-C™ contained a 
the same labeling pattern as that previously found in protoporphyrin made : 


from succinate-1 ,4-C™ (5), then 40 per cent of the radioactivity should be 
present in the pyrrole rings A and B, 60 per cent in rings C and D, and 20 
per cent of the activity in the two carboxyl groups connected to rings ( 
and D. The data in Table I show that the heme synthesized from 6-amino- 


TABLE 
Distribution of C'* Activity in Protoporphyrin Synthesized from | 
5-Aminolevulinic Acid-1,4-C'* and from Succinic Acid-1,4-C™ 


C™ activity in f ts of hyrin 
tam 


Fragments of porphyrin 6-Aminolevulinic acid-1,4-C™ Succins 
Mola Mola M 
Found activity activity 
c.p.m. c. p.m. per cent per cent 

Fyreate rings A + B (methy lethylmaleimide).. 338 7,800 38.0 39.5 
“ C+D (hematinic acid)......... 405 12,300 60.0 60.8 
“ A+B4+C4D)D.. 20,100 | 98.0 100.3 


900 ml. of a duck erythrocyte hemolysate preparation were shaken at room tem- 
perature for 16 hours with 35 mg. of 6-aminolevulinic acid-1,4-C* (0.025 me. per 
mmole) and 36 mg. of ferric iron (310 mg. of FeNH,(SO,)2-12H2O). 2.4 gm. of re- 
crystallized radioactive hemin were isolated and diluted with 3.6 gm. of non-radio- 
active hemin before applying the degradation procedures. 


levulinie acid contained the identical labeling pattern as that produced 
from succinate-1 ,4-C'. Furthermore, all the radioactivity in the por- 
phyrin should be present in the 10 carbon atoms indicated in Fig. 1. On 
further degradation of the pyrrole rings it was found that only these 10 
carbon atoms (carbon atoms numbered 3, 5, and 10, Fig. 1) were radio- 
active and that the sum of the radioactivities of the individual carbon 
atoms equaled that found in the porphyrin (see Tables II and ITI). 

The conversion of 8 moles of 6-aminolevulinie acid to 1 mole of proto- 
porphyrin theoretically involves the concomitant formation of 6 moles of 
carbon dioxide. To demonstrate the formation of carbon dioxide accom- 
panying protoporphyrin formation, a cell-free extract of duck erythrocytes 
was incubated with 6-aminolevulinic acid-1,4-C™. This particular biologi- 
cal preparation was chosen since we found that succinate, a possible break- 
down product of 6-aminolevulinic acid, is not oxidized in this system 


E. SCHIFFMANN AND D. SHEMIN 625 


(Table 1V) and it is not converted to heme (3, 4). On aerobic incubation 
of the cell-free extract with 6-aminolevulinic acid-1,4-C™, both radio- 
active heme and carbon dioxide were produced. The radioactivities of both 
increased with time (Table IV). In these experiments non-isotopic barium 


9 GH2 
Fa 
HOOG -CHp -CHp-COOH 
Succinic acid -1,4-C'4 
CH 
N 
265 
6CH3 8CH2 8CH2 6CH3 § -Aminolevulinic acid-1,4-c!4 


10°COOH 10°COOH 


PROTOPORPHYRIN IX 
Fic. 1. The carbon atoms (@) of protoporphyrin which arise from the carboxyl 
groups of succinic acid and from carbon atoms 1 and 4 of 5-aminolevulinic acid. The 
pyrrole rings are lettered and the carbon atoms are numbered as designated previ- 
ously (6, 7). 


TaBLeE II 
Distribution of C™ Activity in Protoporphyrin Synthesized 
from 5-Aminolevulinic Acid-1,4-C™ 


Activity found | Molar activity 
C.p.m. c.p.m. 

Pyrrole rings A + B (methylethylmaleimide)...... 338 7,800 
Carbons 6, 4, 5 (2,4-dinitrophenylhydrazone of 

Carbons 9, 8, 3, 2 (2,4-dinitrophenylhydrazone of 

a-ketobutyric acid)... 90 4,200 

Sum of activities of carbons 6, 4, 5, 9, 8, 3, 2 _ ee 8,500 

Pyrrole rings C + D (hematiniec acid) . 405 12,300 
Carbons 6, 4, 5 (2, 4-dinitrophenylhydrasone of 

Carbons 9, 8, 3, 2 (2,4-dinitrophenylhydrazone of 

Sum of activities of carbons 6, 4, 5, 9, 8, 3, 2, 10.. 12,400 
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carbonate was added to the CO: collection tubes in order to minimize any 
dilution effects of other endogenous carbon dioxide production. Since the 
exact amount of heme in the cell-free extract was not determined, the ratio 


TABLE III 


Distribution of C'* Activities among Carbon Atoms in Protoporphyrin 
Synthesized from 5-Aminolevulinic Acid-1,4-C"4 


rr 


Position in porphyrin Activity found Molar activity 


c.p.m. C.p.m. 
Carbons 6, 4, 5 (sum of activities of hydrazones of 
pyruvic acid samples from rings A + B + C + D). 8,400 | 
Carbons 9, 8, 3, 2 (sum of activities of hydrazones 
of a-ketobutyric acid samples from rings A + 


Sum of activities of all carbons 5, 3, 10 | 19, 200 


* Lower than theory since there is cross contamination on decarboxylation (8). 


TaBLe IV 
C'4 Activity of Samples of Hemin and Carbon Dioxide Produced on Incubation 
of Cell-Free Extract of Duck Erythrocytes with 6-Aminolevulinic 
Acid-1,4-C'4 and with Succinic Acid-1,4-C'4 


activity in 
C™ substrate 

Hemin CO; 
hrs. c.p.m. C.p.m. 
6-Aminolevulinic acid-1,4-C™.............. 2 128 429 
Succinic acid-1,4-C™....................... 20 0 8 


Each flask contained 25 ml. of the blood extract (2, 3), 1 mg. of the radioactive 
substrate (0.025 mc. per mmole), and 1 mg. of ferric iron (8.7 mg. of FeNH,4(SO,):2:- 
12H20). 


of the number of moles of heme formed to the number of moles of carbon 
dioxide produced cannot be accurately evaluated. Nevertheless, the data 
demonstrate that carbon dioxide evolution accompanies the formation of 
heme (see Table IV). It is evident that the cell-free extract of duck 
erythrocytes contains the enzymes responsible for the decarboxylation of 
the side chains of the porphyrin. 
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EXPERIMENTAL 
6-Aminolevulinic Acid Hydrochloride-1 ,4-C' 


The radioactive 6-aminolevulinic acid was synthesized by a method pre- 
viously described (2, 4, 9). 8-Carbomethoxypropionyl] chloride, synthe- 
sized from succinic acid-1,4-C, was condensed with diazomethane and 
the product was treated with hydrogen chloride. The resulting chloro- 
methyl ketone was condensed with potassium phthalimide and the product 
was hydrolyzed with 6 n hydrochloric acid. 


CsH,O3N -HCl (167.5). Calculated, N 8.4; found, N 8.5 


The melting point of the hydrochloride was 149-150° and it was not de- 
pressed by admixture of an authentic sample of 6-aminolevulinic acid hy- 
drochloride. Its radioactivity was 0.025 mc. per mmole for each radio- 
active carbon atom. 


Hemolyzed Duck Red Blood Cells and Cell-F ree 
Extracts of Duck Erythrocytes 


These preparations were made as described previously and similar addi- 
tions were made (3-5). 


Incubation Experiments 


The hemolyzed preparations and the extracts were shaken at room 
temperature for about 16 hours. In the experiment illustrated in Table 
IV the incubation flask was flushed through with oxygen continuously to 
obtain the carbon dioxide. The additions and radioactivities of the sub- 
strates are specified in Tables I to IV. 


Degradation of Labeled Protoporphyrins 


The radioactive hemin isolated was degraded to methylethylmaleimide 
and hematinic acid and the latter was then decarboxylated. The samples 
of methylethylmaleimide from both sources were cleaved to yield pyruvic 
and a-ketobutyric acids. The same keto acids from the different rings were 
pooled and degraded stepwise to yield samples of carbon dioxide from each 
carbon atom. The methods used were those previously described (6, 7). 


Measurement of Radioactivity 
The methods employed were published previously and the use of the term 
“molar activity” is as defined earlier (7, 8). 
DISCUSSION 


The present data, together with our previous findings, show that 6-amino- 
levulinic acid is the source of all the carbon atoms of the porphyrins. The 
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labeling pattern in protoporphyrin synthesized from 6-aminolevulinic 
acid-1 ,4-C' is the same as that found in the porphyrin synthesized from 
succinate-1 ,4-C™ and, as previously shown (3, 4), the protoporphyrin syn- 
thesized from 6-aminolevulinic acid-5-C™ has the same labeling pattern as 
the sample synthesized from glycine-2-C'. The present findings further 
document the reactions previously postulated for the formation of 6-amino- 
levuliniec acid. 

The finding that radioactive carbon dioxide is evolved concomitantly 
with the formation of radioactive protoporphyrin is experimental evidence 
that decarboxylation occurs subsequent to porphobilinogen formation and 
that the enzymes responsible for the decarboxylation exist in the cell-free 
extract. 


SUMMARY 


The synthesis of protoporphyrin from 6-aminolevulinic acid-1 ,4-C™ was 
investigated. It was found that protoporphyrin synthesized from 6-amino- 
levulinie acid-1,4-C™ contained the same labeling pattern as that pre- 
viously found in the porphyrin synthesized from succinate-1,4-C™. It is 
concluded that 6-aminolevulinic acid is the source of all the carbon atoms 
of the porphyrin. 

It has also been demonstrated that in a cell-free extract the enzymes are 
present which decarboxylate the side chains of the intermediates of proto- 
porphyrin synthesis. 
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Malonic acid was found in nature for the first time in 1881 by von Lipp- 
mann (1) who isolated it from deposits of calcium salts on the walls of evapo- 
rating equipment used in the beet sugar industry. A few other references 
to its detection in plants are on record: for example, Turner and Hartman 
(2) in 1925 isolated malonic acid in small amounts by distillation of the 
esters of organic acids obtained from the alfalfa plant, and Nelson and 
Hasselbring (3) subsequently found it in extracts of the wheat plant by 
similar means. With the use of modern chromatographic methods, Bent- 
ley (4) has recently found evidence for the presence of malonic acid, oc- 
casionally in fairly substantial amounts, in some eighteen species of legu- 
minous plants as well as in a few species from other botanical families. 
The acid was isolated for positive identification from the leaves of the 
runner bean (Phaseolus coccineus L.), and, in the stem tissue of this species, 
it was present to the extent of 2.1 mg. per gm. fresh weight, 7.e. at approxi- 
mately 0.03 mM concentration or 60 m.eq. per kilo. Malonic acid is thus, 
quantitatively, an important organic acid component of this plant. 

Malonic acid has been recognized as a competitive inhibitor of succinic 
acid dehydrogenase since the work of Quastel and Wooldridge (5) with 
extracts of Escherichia coli in 1928, but many observations have subse- 
quently been recorded which suggest that its action is not entirely specific. 
For example, Green (6) found that it inhibits the malic acid dehydrogenase 
of pig heart muscle, Baumann and Stare (7) confirmed the view of Weil- 
Malherbe (8) that it is inhibitory toward systems which are concerned 
with the metabolism of citrate and glutamate in pigeon breast muscle, and 
Das (9) observed that it inhibits the oxidation of lactic acid by systems 
present in the same tissue. With respect to enzyme systems found in 
plants, Clagett, Tolbert, and Burris (10) have observed that malonate 
inhibits the glycolic acid oxidase which is present in the leaves of many 
species including tobacco, and Bonner and Wildman (11) have noted that 
the respiration of spinach leaves is inhibited by malonate, but that the 
inhibition is relieved by fumarate, malate, and isocitrate as well as by 
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succinate. Other inhibitory effects have been reported by Price (12) and 
by Beevers (13). 

If malonic acid is a competitive inhibitor of succinic dehydrogenase, the 
administration of malonate to a living plant tissue should diminish the rate 
at which oxygen is taken up and lead to the accumulation of succinic acid, 
Bonner (14) has demonstrated this effect in the Avena coleoptile and has 
further shown that the inhibition of the respiration may be partially re- 
versed by succinate, fumarate, isocitrate, and a-ketoglutarate. Laties (15) 
has provided a similar demonstration with roots of barley and with spinach 
leaves. The literature of the subject has been thoroughly reviewed and 
discussed by Hanly, Rowan, and Turner (16) who have found that the 
respiration of carrot root disks is effectively inhibited by malonate in the 
range pH 4 to 5 but is stimulated at pH 6 to 7. ‘These workers were unable 
to demonstrate an accumulation of succinate in the presence of malonate, 
but they stress the view that, at low pH and low concentration, the in- 
hibitory action is exerted mainly upon succinic dehydrogenase. Other 
enzymes concerned with the oxidation of pyruvate were affected, however, 
when the concentration in the culture solution in which the disks were 
suspended was increased to 0.03 to 0.04 m at low pH. 

The situation within the cells of a living plant tissue subjected to the 
effects of an influx of malonic acid is manifestly complex, and it has accord- 
ingly seemed of importance to inquire into the chemical changes which 
occur when excised tobacco leaves are cultured in potassium malonate. 
The results of an experiment in which malonate was made available to the 
leaves of this plant from culture solutions in the range pH 4 to 7 are de- 
scribed in the present paper. 


EXPERIMENTAL 


The samples, twelve in number, were collected by the statistical method 
(17) on July 26, 1954, from plants of Nicotiana tabacum, variety Connecti- 
cut shade-grown, that had been raised on soil in the greenhouse, twenty- 
four plants and twelve leaf positions on each plant being used. Each 
sample consisted of twenty-four leaves. The coefficient of variation of the 
fresh weight of the samples was 2.5 per cent, and that of the total nitrogen 
content was 1.5 per cent. 

The culture solutions were 0.1 mM with respect to malonic acid and were 
adjusted with potassium hydroxide, respectively, to pH 4, 5, 6, and 7. 
Separate samples were cultured for 24 and for 48 hours with the bases of the 
leaves in each of these solutions, and, in addition, one control sample was 
cultured in water, a second in 0.1 M potassium sulfate, and a third in 0.2 
M potassium succinate at pH 5, all for 48 hours. The dark room in which 
the culture troughs were set up was maintained at 24° and 50 per cent 
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relative humidity. ‘The samples were prepared for analysis by being 
dried at 80° and were then equilibrated at 24° and 50 per cent relative 
humidity before being ground to a fine powder and preserved in closed 
containers under these same conditions. The analytical methods employed 
have been described in previous papers (18, 19). Malonic acid, which is 
eluted from the Dowex 2 analytical column together with citric acid, was 
determined in the pooled citric acid fractions by chromatography on silica 
gel by the technique of Zbinovsky and Burris (20). 

The samples cultured in water, in potassium sulfate, and in potassium 
succinate increased in fresh weight and showed little, if any, evidence of 
damage at the end of 48 hours. Those cultured in malonate for 24 hours 
also increased in fresh weight and appeared unharmed, but, after 48 hours, 
many of the leaves had become limp, and there was an appreciable loss of 
fresh weight. However, there was no obvious evidence of damage. The 
percentage changes in the fresh weights of the samples are given in Line 1 
of Table I; the most extensive loss occurred in the second 24 hours at pH 5. 

The data for ash in Line 2 of Table I show that the uptake of the potas- 
sium salt was roughly proportional to time over the entire range of pH. 
Line 4 gives the changes in organic solids after correction for a quantity of 
carbon dioxide equivalent to the alkalinity of the ash (Line 5), this being 
assumed to represent carbonate derived from the combustion of the organic 
acids and thus properly to belong with the organic solids. In spite of a 
substantial uptake of organic acid, all of the samples, except the one cul- 
tured in succinate, lost in net weight owing to the increased respiratory 
loss during culture in solutions of salts. The uptake of organic acid by 
each sample (Line 7) was computed from the corresponding increase in the 
alkalinity of the ash by dividing by the fraction of the malonic acid neu- 
tralized at each pH, 7.e. 0.48 at pH 4, 0.58 at pH 5, 0.84 at pH 6, and 0.98 
at pH 7; for succinic acid at pH 5 the fraction is 0.54. These fractions 
were computed from the dissociation constants (21). 

The data for the changes in content of organic acids are given in Lines 9 
to 16. The figures for total organic acids (Line 9) represent the sums of the 
titrations of the effluent fractions from the Dowex 2 analytical column 
together with the separately determined oxalic acid. The small loss of 
acidity in the control samples cultured in water or in potassium sulfate is 
of the magnitude commonly encountered in such experiments, and the 
increases in the samples cultured in malonate clearly reflect the accumula- 
tion of malonic acid (Line 14) in them. 

The data for malic acid (Line 10) indicate that there was no interference 
With the utilization of this acid attributable to the presence of malonate; 
on the contrary, a moderate stimulation of the rate of disappearance of 
malice acid apparently occurred especially during the first 24 hours, this 
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stimulation being somewhat greater at pH 4 and 5 than at pH 6 and 7. 
On the other hand, the formation of citric acid (Line 11) was markedly 
depressed at pH 4 and 5, was moderately depressed at pH 6, but was about 
the same as that in the potassium sulfate control at pH 7. The data in 
Line 12 are consistent in suggesting that oxalic acid was to a small extent 
drawn upon in the leaves cultured in malonate over the entire range in pH. 
This observation is unusual and will require confirmation; culture in no 
other organic acid that has yet been studied has led to evidence for the 
utilization of oxalic acid in the metabolism of tobacco leaves. 

The outstanding effect of culture of tobacco leaves in malonate is shown 
by the behavior of the succinic acid. Accumulation of this substance would 
be anticipated if malonic acid acts as a competitive inhibitor of the succinic 
dehydrogenase system, and the data in Line 13 indicate that, although the 
control samples contained only a trace, about twice as much succinic acid 
was present after 48 hours in the leaves cultured in 0.1 M malonate, regard- 
less of the pH of the culture solution, as was found in the leaves cultured in 
0.2 m succinate at pH 5. Furthermore, approximately three-quarters of 
the total amount had already accumulated at the end of 24 hours. Suc- 
cinic acid is normally an extremely reactive metabolite in the tobacco leaf 
system; only 6 per cent of the 410 m.eq. of succinic acid taken up by the 
sample cultured in succinate was found in the tissue after 48 hours. Cul- 
ture in malonate thus has a marked effect upon the metabolism of succinic 
acid, and the observations indicate that tobacco leaves resemble the systems 
studied by Bonner (14) and by Laties (15) in their response to the admin- 
istration of this substance. 

The determinations of the malonic acid which accumulated in the leaves 
(Line 14) are subject to rather serious analytical errors. However, there 
are two other sources of information regarding the possible malonic acid 
content of the samples. The uptakes (Line 7), calculated from the in- 
creases in the alkalinity of the ash, represent maximal values which are 
valid if it is assumed that malonic acid is not metabolized at all and that 
the ions of the salt entered the leaf system in the proportion in which they 
were present in the culture solutions. Another estimate of the possible 
malonic acid content can be derived from the data in Line 15. The com- 
ponent designated ‘‘Unknown acid A” in the control sample before culture 
has recently been found to be mainly phosphoric acid,! although traces of 
isocitric acid and malonic acid are also present in the fractions obtained 
from normal leaves;? all of these substances are eluted together with citric 


‘Englard and Colowick (22) have also recently noted that phosphoric acid is 
eluted from Dowex 1 by formic acid. 

? Dr. S. A. Bellin of the R. J. Reynolds Tobacco Company, Winston-Salem, North 
Carolina, has informed us that he and Dr. R. R. Smeby have isolated malonic acid 
from tobacco leaves. 


| 

| 

5 

J 


634 ORGANIC ACIDS OF TOBACCO LEAVES. XII 


acid. The data in Line 15 represent the differences between the results of 
titrations of the citric acid-containing fractions obtained from the analyti- 
cal column and the sums of the direct determinations of citric acid and 
malonic acid in the pooled eluates. Thus the changes in the amounts of 
“Unknown acid A,” brought about by culture of the leaves in malonate, 
when added to the determinations of malonic acid (7.e., the sum of Lines 
14 and 15), furnish an upper limit to the amounts of malonic acid which 
may have accumulated in the samples if it is assumed that culture in salts 
of this acid did not give rise to significant changes in the amounts of in- 
organic phosphate present. Both sources of information suggest that the 
estimates of the malonic acid content of the samples in Line 14 are of only 
moderate accuracy. The determinations by the silica gel technique fur- 
nish unequivocal qualitative evidence of the presence of malonic acid; the 
estimates by difference supply the limits to the amounts present. 

The component designated ‘“‘Undetermined acid” in Line 16 represents 
acids which are eluted from the Dowex column in advance of malic acid. 
The total amount is small, and the mixture is known to contain p-glyceric 
acid (23), glycolic acid, quinic acid, aspartic acid, and several other sub- 
stances as yet unidentified. Succinie acid is ordinarily included in this 
group, but, because of the high content of succinic acid in most of the 
present samples, it could be estimated separately from the other com- 
ponents. Aside from the enrichment in succinic acid, culture of the leaves 
in malonate had little effect upon the total amount of these substances 
present, but the control sample cultured in succinate was slightly enriched 
in one or more of them. 

The data for protein nitrogen in Line 17 illustrate the promoted rate of 
hydrolysis of the leaf protein which is almost invariably observed during 
culture of tobacco leaves in solutions of salts. The data for starch (Line 
18) indicate that nearly all of the small amount of this substance present 
disappeared during the first 24 hours. 

Table II contains data derived from the analytical results of Table I. 
The respiration loss of each sample in Line 1 represents the net loss of cor- 
rected organic solids (Table I, Line 4) to which a further correction for the 
uptake of malonic acid (Table I, Line 8) has been applied. The data as a 
group are of an order of magnitude closely comparable with analogous 
figures obtained in experiments in which tobacco leaves have been cultured 
in glycolate (24), fumarate (25), or malate (26), and there is no indication 
of inhibition of respiration. However, a clear distinction must be made 
between what is implied by the present results and the usual expression of 
rates of respiration in terms of manometric measurements of the uptake of 
oxygen for relatively short periods of time by small samples of tissue in an 
entirely different physical situation. The data of Line 1, Table II, refer 
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exclusively to losses of weight, owing to the complete oxidation of organic 
substances of unspecified chemical nature, from whole leaves into which 
malonate has been slowly introduced through the vascular system during 
a period of many hours. Malonic acid gradually attained the molar con- 
centrations shown in Line 4 of Table II as estimated from the final water 
content of the samples. The active accumulation process whereby the 
salt solution in the vessels penetrated into the cells is one which requires 
the expenditure of energy, and a rough measure of this extra energy is 
furnished by the data for respiratory loss after 48 hours for the samples 
cultured in salt solutions in comparison with the control sample cultured in 
water for the same period. Whatever the mechanism of terminal oxidation 
in this tissue may be, it was clearly not inhibited in the presence of malo- 
nate unless a substantial portion of the end products consisted of organic 
substances which were volatilized in the process of drying the samples. 

The difference between the calculated uptake of malonic acid and the 
amount present at the end of the culture period furnishes a measure of the 
amount metabolized. Estimates of the proportion of the acquired acid 
which apparently disappeared are given in Lines 2 and 3. The data for the 
analytical determinations of malonic acid (Table I, Line 14) were used to 
calculate the results in Line 2, and these suggest that, over the entire range 
of pH, an appreciable part of the acquired acid entered into some metabolic 
process. The sums of the data in Lines 14 and 15 of Table I were used to 
calculate the data in Line 3 of Table II, and these results indicate that 
there was essentially no utilization of malonic acid at pH 4 and 5, but that 
approximately one-fifth of that taken up at pH 6 and a somewhat smaller 
proportion of that taken up at pH 7 disappeared. The data are inadequate 
to lead to a firm conclusion, but the implication is clear that malonic acid 
may not be a wholly inactive metabolite in tobacco leaf tissue under cer- 
tain conditions. 

The accumulation of succinic acid in the leaves cultured in malonate 
raises the question of the origin of this substance. Observations in an 
earlier paper (27) indicated that culture in malate at pH 5 and 6 leads to a 
small but detectable enrichment in succinic acid, and numerous experi- 
ments in which succinate was supplied to the leaves, including the control 
sample in the last column of Table I, have shown that under these circum- 
stances malic acid, instead of diminishing in amount, increases. Ready 
interconvertibility of these two organic acids in the tobacco leaf system is 
therefore to be anticipated, and the results in Lines 10 and 13 of Table I 
suggest that the source of the succinic acid in the samples cultured in malo- 
nate may well have been malic acid. If an equimolar conversion is assumed 
to have occurred, the data in Line 5 of Table II give the quantities of malic 
acid which remain when the increases of succinic acid are deducted from the 
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decreases in malic acid. These are the quantities of malic acid presumably 
available for conversion into still other substances, and it is of interest to 
inquire into the possibility that conversion into citric acid may have oc- 
curred. 

Line 6 of Table II gives the molar ratios of these amounts of malic acid 
to the corresponding increases of citric acid in each of the samples. When 
tobacco leaves are cultured in water, the molar ratio of the loss of malic acid 
after 48 hours to the corresponding increase in citric acid is close to 2, and 
the present observation of a ratio of 2.2 in the control sample is typical of 
many previous experiments. Culture in malonate at pH 4 and 5, however, 
brings about conditions such that the ratio is markedly increased, and it is 
obvious that a considerable part of the malic acid that disappeared must 
have had a fate other than conversion to citric acid. After culture at pH 
6 and 7 in malonate, however, the ratio was approximately the same as it 
was after culture in water, and, under these conditions, it seems reasonable 
to assume that the metabolism of these two acids followed the normal 
course. There is thus a difference in behavior according to whether the 
malonate is supplied at a pH below or above the pH of extracts of the un- 
treated leaves, which was at 5.3. 

Analogous behavior was encountered when tobacco leaves were cultured 
in malate over the same range of pH of the culture solutions (26), and the 
suggestion was advanced that, at low pH, reactions are stimulated which 
lead to a partial destruction of the surplus of malic acid provided by the 
culture solution. The data in Lines 7 to 9 of Table II present an examina- 
tion of this possibility. Line 7 shows the losses of organic acidity from the 
several systems exclusive of the apparent losses of oxalic acid. The data 
are the differences between the changes in total organic acids eluted from 
the analytical column and the uptake of malonic acid and may be assumed 
to represent the quantities of organic acid that were in some way decar- 
boxylated. On the assumption that this loss fell exclusively upon malic 
acid, these figures are deducted from the data in Line 5 to leave an estimate 
in Line 8 of the quantity of malic acid presumably available for conversion 
into citric acid. The molar ratios of these quantities of malic acid to the 
respective increases in citric acid are shown in Line 9. The ratio for the 
water control is obviously somewhat overcorrected, but that for the con- 
trol sample cultured in potassium sulfate falls into line as do three of the 
four values for the leaves cultured in malonate at pH 4 and 5. The values 
for the sample cultured for 24 hours at pH 6 are too small to give a reliable 
result for the ratio, and those for the loss of acidity at pH 7 are also uncer- 
tain. 

Although this analysis of the data may have placed considerable stress 
upon their general accuracy, it leads to the conclusion that the apparently 
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depressed formation of citric acid in the samples cultured for 24 and for 48 
hours at pH 4 and for 24 hours at pH 5 in malonate did not necessarily 
arise from interference on the part of malonic acid with the enzyme sys- 
tems involved in the normal metabolism of malic and citric acids in the 
tobacco leaf. On the contrary, the observations may be equally well ac- 
counted for as an effect of the low pH at which the extraneous organic acid 
was supplied. 

Nevertheless, there is a possibility that the sample cultured for 48 hours 
at pH 5 may have suffered some specific effect. The leaves became seri- 
ously wilted during the second 24 hour period, and the uptake of malonic 
acid was disproportionately large in comparison with the other samples. 
The quantity of malic acid converted into other acids was apparently not 
affected, but no additional citric acid was formed in this period. Accord- 
ingly, the molar ratio of the loss of malic acid to the gain of citric acid over 
the entire 48 hour period is high in comparison with the results for the other 
samples. Interference with the reactions which lead to the formation of 
citric acid may therefore have occurred after the concentration of malonic 
acid had become sufficiently great. Renewed study will be required to 
establish this. 


DISCUSSION 


The striking accumulation of succinic acid in all of the samples subjected 
to culture in malonate provides strong evidence in favor of the view that a 
succinic dehydrogenase system fulfills an important function in tobacco 
leaves. There was no evidence, however, that the extent to which the 
organic substrates of respiration were oxidized was in any way inhibited. 
This is not to say that malonate cannot serve as an inhibitor of the respira- 
tion of tobacco leaf tissue. In an experiment in which disks of tobacco 
leaves were suspended in 0.1 M potassium malonate at pH 5, the rate of 
uptake of oxygen was diminished by 22 per cent, in comparison with con- 
trol disks suspended in water, during the second $ hour, and by 44 per cent 
15 hours later.2 The conditions for this test were, however, somewhat 
extreme and were chosen to provide the demonstration. With 0.02 m 
malonate at pH 5, no inhibition was observed. Furthermore, the extent 
to which manometric experiments with leaf disks can be correlated with 
culture experiments on whole leaves remains to be demonstrated (28). 

The inhibition by malonate of the uptake of oxygen has been found by 
Hanly, Rowan, and Turner (16) to be reversed if succinate is also added to 
the culture solution in which disks of carrot root are suspended, and spon- 
taneous recovery was also observed by them under certain conditions. 


* We are indebted to Dr. Israel Zelitch of this Department for this experiment 
which confirmed earlier results. 
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Similar observations have been made by Laties (29, 15) with barley roots 
and spinach leaves. It is therefore possible that, in the present experi- 
ments, sufficient succinic acid accumulated, as the concentration of malo- 
nate gradually increased, to overcome any significant inhibition of the 
respiration. The rapid accumulation during the first 24 hours is in con- 
formity with this view. 

Whether or not malonic acid is metabolized when introduced into tobacco 
leaves is, unfortunately, left uncertain by the present experiments because 
of the difficulty of determining malonic acid with sufficient accuracy. The 
data indicate that little or none was metabolized by the leaves cultured at 
pH 4 and 5, but the possibility remains open that a minor proportion of the 
acid taken up from the culture solutions at pH 6 and 7 may have been 
transformed into some other substance. In a large scale experiment with 
dried green tobacco leaves, careful examination of the acids eluted from 
Dowex 2 together with citric acid has given chromatographic evidence by 
both the paper and the silica gel techniques (19, 20) of the presence of a 
trace of malonic acid. This acid may therefore be a normal component of 
tobacco, and its occurrence in significant amounts in numerous leguminous 
plants (4) suggests that it has a definite role in the general scheme of organic 
acid metabolism in plants. What this role may be remains for future 
investigation. 


Grateful acknowledgment is made to Marjorie D. Abrahams, Katherine 
A. Clark, and Laurence S. Nolan for technical assistance, to Dr. Israel 
Zelitch and Dr. David G. Wilson for practical aid and helpful discussion, 
and to the National Science Foundation for a grant that supported a part 
of the expense of this investigation. 


SUMMARY 


Excised leaves of tobacco (Nicotiana tabacum, variety Connecticut shade- 
grown) when cultured in solutions of potassium malonate take up malonic 
acid freely over the range pH 4 to 7 of the culture solution. No evidence 
was obtained of an inhibition of respiration, as measured by the loss of 
weight of organic solids, under these experimental conditions. It is sug- 
gested that succinic acid accumulated at a rate sufficient to compensate for 
the inhibitory effect of the gradually increasing concentration of malonic 
acid, 

The outstanding effect was a prompt and extensive accumulation of 
suceimie acid over the entire range of pH. There was no interference with 
the rate of the reactions whereby malic acid was utilized, but the rate of 
formation of citric acid was markedly depressed at pH 4 and 5 and moder- 
ately so at pH. 6. There was little if any effect at pH 7. The depressed 
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rate at pH 4 and 5, although it may have been a specific effect of the pres. 
ence of malonic acid, can be equally well accounted for as a consequence of 
culture of the leaves in a solution more acidic than the pH of the tissues. 
Nevertheless, during the second 24 hours of culture at pH 5, the concentra. 
tion of the malonic acid in the tissues rose to approximately 0.14 M, and the 
formation of citric acid ceased; some interference with the metabolic reac- 
tions of which citric acid is the product may therefore occur after the con- 
centration of malonic acid becomes sufficiently high. 

Evidence was obtained which suggests that malonic acid is to some ex- 
tent metabolized by systems present in tobacco leaves, but the exact role 
of this substance remains obscure. 
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Dickens (1), Thunberg (2), and others have reported that bone contains 
a large amount of citrate, usually about 0.7 per cent. This high concen- 
tration may be due to coprecipitation of citrate with bone salt during the 
process of calcification, a process which occurs in vitro (3). It may also 
be due to increased formation of citrate, the result of a greater activity of 
citrate-forming than of citrate-removing enzymes in bone (4,5). It seemed 
of interest to determine whether the acids associated with citric acid in 
other tissues are also present in high concentration in bone, the extent to 
which they may be coprecipitated with bone salt, and what part they play 
in the oxidative metabolism of bone. 


EXPERIMENTAL 
Determination of Organic Acids in Bone 


Preparation of Bone Samples—Dogs and rabbits were killed with Nem- 
butal, and either the femora or humeri were removed as quickly as possible, 
sawed into slices, and scraped free from marrow. ‘The cancellous bone 
was separated from the compact bone, and approximately 15 gm. of each 
type were covered with ether and allowed to stand for 2 days to remove 
most of the fat. The ether was poured off, the bone was dissolved in 5 ml. 
of 4 nN HCl per gm. of bone at room temperature, and the solution was 
allowed to stand for at least a week to permit cis-aconitic acid to change 
to trans-aconitic acid. This conversion, previously studied by Krebs and 
Eggleston (6), was confirmed by experiments in which the amounts of the 
two acids in a solution were determined by analysis of the pH-titration 
curve. At equilibrium about 90 per cent of the acid is present as the trans 
isomer. Aconitic acid was found to be heat-labile when refluxed in ether 
and is thus decomposed during continuous extraction. The cis form has 
an unfavorable distribution coefficient and is lost during the necessary con- 
tinuous extraction, whereas the trans isomer has a favorable distribution 
coefficient and may be quantitatively recovered by pouring ether through 

* Taken from a dissertation presented to the Graduate School of Wayne State 
University by Helen Lees in partial fulfilment of the requirements for the degree of 


Doctor of Philosophy. Supported in part by Research Grant A-613 from the Na- 
tional Institutes of Health. 
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the solution (see below). Conversion of cis-aconitic acid to the trans igo. 
mer makes the quantitative determination of this acid possible. | 
Extraction of Acids—The solution of bone was filtered, and a 25 ml. ali. 
quot was transferred to a Kutscher-Steudel liquid-liquid extractor in which 
the outside diameter of the inner tube was about 7 mm., the inside diame. 
ter of the outer tube about 10 mm., and the total height of the extractor 
about 7 feet. Two extracts were obtained in the following manner. 
Extract A—Ether distilled from anhydrous potassium carbonate was 
allowed to drip into the inside tube of the extractor from a separatory fun- 


TABLE I 
Recoveries of Organic Acids by Extraction and Chromatography 


Recovery by chromatography 
Acid Recovery in arene and chromatography 
Fraction Nos. Mean Mean Range* 
per cent per cent per cent per cent 
99 24-29 98 99 97-102 
34 41-46 98 89T 85-95 
65 44-49 99 98 95-102 
a-Ketoglutaric _—_... 56 49-54 94 83 81-85 
trans-Aconitic ..._«_.... 93 59-65 97 92 89-95 
39 80-87 100 
14 91-102 96 98 98-99 


* Range of from three to six determinations. 

T Includes recovery of ‘‘volatile’’ fractions. See the text. 

t The cis-aconitic acid was allowed to stand for a week in 3 N HCI before extrac- 
tion to allow its conversion to trans-aconitic acid. 91 per cent was recovered as 
trans-aconitic acid and 1 per cent as cis-aconitic acid. 


nel and then to pass upward through the aqueous phase and into a flask 
connected to the side arm until 200 ml. of ether were collected. This 
extract contained almost all of the fumaric and aconitic acids, which are 
decomposed on continuous extraction, and portions of the other acids 
(Table I). 

Extract B—A 100 ml. flask containing about 50 ml. of ether was con- 
nected to the side arm, a condenser was connected, and continuous ex- 
traction was carried out for 40 hours. This completed the extraction of 
the acids. 

Column Chromatography—The procedure used was similar to that of 
Marvel and Rands (7). Because of the presence in Extract B of small 
amounts of substances which interfered with the determination of fumaric 


H. LEES AND A. (C. KUYPER 643 


and aconitic acids, Extracts A and B were chromatographed separately. 
Each column was prepared by mixing 20 gm. of dry silicic acid (Mallinck- 
rodt analytical reagent, 100 mesh) with 10 ml. of 0.05 n H,SO,. The mix- 
ture was suspended in 100 ml. of chloroform, poured into an 18 X 485 
mm. chromatography tube and packed to a final height of about 160 mm. 
The ether was evaporated from the extracts of bone by a stream of dry, 
carbon dioxide-free air, and the residue was transferred to the column in 
1 ml. of 40 per cent butanol in chloroform, the flask being washed suc- 
cessively with 1 ml. of 10 per cent butanol-chloroform and four 1 ml. por- 
tions of chloroform. The columns were developed by forcing through 
them, under 12 pounds pressure of nitrogen gas, successive 100 ml. portions 
of 0, 5, 7, 10, 12, 15, 20, 25, and 30 per cent n-butanol in chloroform and 
finally 500 ml. of 35 per cent butanol in chloroform. 10 ml. fractions were 
collected, and to each were added 1 ml. of water and a drop of phenol red. 
These were titrated with 0.005 n NaOH, the values being corrected for a 
blank which varied directly with the amount of butanol in the solutions 
from about 0.01 to 0.03 ml. 

Because the lactate and succinate fractions are not completely separated 
from each other, they were rechromatographed. After being titrated, the 
aqueous layers of these fractions were pooled and evaporated to dryness 
underafan. The salts were dissolved in 0.5 ml. of 0.1 N H:SO, and mixed 
with 1 gm. of silicic acid, suspended in chloroform, and poured on a silica 
gel column. The acids were eluted with 700 ml. of 7 per cent tert-amy!] 
alcohol in chloroform, followed by 100 ml. of 15 per cent n-butanol in 
chloroform. 10 ml. fractions were collected. Lactic acid was eluted into 
Fractions 41 to 54 and succinic acid into Fractions 56 to 70. 

Recoveries of Mixtures of Known Acids—All of the acids were satisfac- 
torily recovered by simple column chromatography (Table I). In the 
procedure of extraction plus chromatography, fumaric, succinic, malic, 
and citric acids were quantitatively recovered. The low recovery of aconi- 
tic acid (92 per cent) is probably due to the formation of a small amount 
of the cis isomer and its decomposition during extraction. About half of 
the a-ketoglutaric acid is subjected to continuous extraction with ether. 
Decomposition during this extraction may be related to the double bond 
in the enol form of the acid. The variable recoveries of acetic and lactic 
acids include portions of these acids volatilized on evaporation of the ether 
and trapped in dilute alkali. Analyses for these acids in bone are not 
recorded because the amounts found were highly variable, probably owing 
to their origin in uncontrolled reactions. 

Paper Chromatography—Identification of the acids of bone collected by 
column chromatography was confirmed by paper chromatography with two 
different solvents, n-butanol-formic acid-water in a ratio of 10:2:15 (8) 
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and absolute ethanol-NH,OH (concentrated)-water in a ratio of 80:5:15 
(9). Known acids were run simultaneously with the acids from bone. The 
keto acids of bone were identified by paper chromatography of their 2,4. | 
dinitrophenylhydrazones prepared from a hydrochloric acid solution of | 
bone (10), with n-butanol-ethanol-0.5 n NH,OH in a ratio of 70:10:29 
(11). <A disadvantage of this method is the appearance of two spots due 
to the syn- and antiisomers of the hydrazones (12). 


Coprecipitation of Organic Acids with Bone Salts in Vitro 


Sufficient KH2PO,4, CaCle, MgCle, NaHCO;, and NaCl were dissolved 
in volumes of 2 liters to give solutions containing 25 mg. per cent of P, 54 
mg. per cent of Ca, 4 mg. per cent of Mg, 360 mg. per cent of NaHCO,, 
and 0.1 m NaCl. In order to avoid immediate precipitation during the 
preparation of these solutions, they were saturated with carbon dioxide 
before the addition of the bicarbonate. Various concentrations of organic 
acid (Table III) were added, and the solutions were warmed to 38° and 
aerated with 6 per cent carbon dioxide-air mixture. Precipitation soon 
began and was allowed to continue at 38° with continuous aeration and 
occasional manual shaking for about 7 hours. The supernatant solutions 
then had an ionic strength of 0.16 and contained about 1.5 mg. of P, 9 mg. 
of Ca, and 210 mg. of NaHCO; per 100 ml., approximately the composi- 
tion of normal blood serum. The precipitates were removed by filtration 
through a Biichner funnel, weighed, and dissolved in 20 ml. of 4 nN HCl. 
Solutions containing cis-aconitic acid were allowed to stand for at least a 
week before analysis to allow conversion to trans-aconitic acid. The or- 
ganic acids were determined as already described. Corrections were made 
for the organic acids present in the supernatant solutions held by the wet 
precipitates. 


Incorporation of Radioacetate 


Dogs were killed with Nembutal, and their femora were removed as 
quickly as possible and chilled. The compact bone of the shaft was freed 
from all other tissue and sawed with a four-bladed hacksaw to a coarse 
powder. 5 gm. of the powdered bone were suspended in 18 ml. of Krebs- 
Ringer phosphate buffer, pH 7.4, containing 0.5 mg. of diphosphopyridine 
nucleotide, 18.3 mg. of nicotinamide, 0.41 mg. of adenosine triphosphate, 
0.1 mg. of coenzyme A, and 0.5 mg. of sodium acetate-1-C™ equivalent to 
25 ue. of radioactivity. When used as controls, bone samples were auto- 
claved for 20 minutes at 15 pounds pressure before the addition of the 
coenzymes and radioactive acetate. Bone suspensions were incubated 
for 5 hours at 37° with gentle shaking, and then 6 ml. of concentrated HCl 
were added to the flasks. After a week, the organic acids were determined 
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as already described. Radioactivity of the various fractions obtained on 
column chromatography was determined by drying the aqueous layers 
from each tube on planchets and then counting in a gas flow counter. 
Radioactivity not identified with the organic acids was found in many of 
the fractions. This radioactivity was separated from the fumaric and 
aconitic acids by paper chromatography with a butanol-formic acid-water 
solvent. Each spot was cut out, eluted with water, dried on a planchet, 
and counted. The radioactivity of the malic, lactic, and citric acid frac- 
tions, as measured after column chromatography, was corrected for small 
amounts of radioactivity found in the controls. Radioactivity was fur- 
ther identified with these acids by counting the spots obtained on paper 
chromatography. 

In order to eliminate the possibility of bacterial action, 1.2 mg. of peni- 
cillin and 2 mg. of streptomycin were added to the digestion medium in 
one of the experiments. Small amounts of the suspension obtained after 
incubation were streaked on blood agar and tryptose agar plates. Both 
cultures were negative. 


Results 


Quantitative Analysis—The amounts of organic acids present in bone, 
egg shells, and blood (Table II) were determined by column chromatog- 
raphy and confirmed by paper chromatography in both alkaline and acidic 
solvents. About 0.2 mg. per cent of fumaric acid, an amount which cannot 
be determined accurately by column chromatography, is present in fresh 
bone. This acid and a-ketoglutaric acid are the only acids present in bone 
in smaller concentrations than those found in liver. Succinic acid is pres- 
ent in about the same concentration, and aconitic, malic, and citric acids 
are present in concentrations about 30, 3.5, and 230 times those found in 
liver. Liver has a greater concentration of these acids than muscle (13). 
In all of the samples studied, citric and aconitic acids were present in higher 
concentrations in compact than in cancellous bone. In the few samples 
of each species studied, the bones of dogs contained more citric acid than 
those of the rabbits. Only malic and citric acids were found in egg shells. 
Pyruvic acid, previously reported by Cartier (14), and a trace of a-keto- 
glutaric acid were found to be present in bone by paper chromatography 
of the 2,4-dinitrophenylhydrazones of these acids. Oxalacetate was not 
detected by this method. 

Coprecipitation of Organic Acids with Bone Salt in Vitro—The amounts 
of organic acids coprecipitated with bone salt were measured with the 
acids present initially in concentrations of 2.0, 0.2, and 0.1 mg. per cent 
(Table III). At the relatively high initial concentrations of 2 mg. per 
cent, about 60 per cent of the citrate and 30 per cent of the aconitate were 
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precipitated. When the initial concentrations of the acids were low, the 
amounts coprecipitated were small, and their concentrations in the super. 


natant solution may be considered to be constant throughout the precipi. 


TaBLeE II 
Organic Acids in Beef, Dog, and Rabbit Bones, Egg Shells, and Rat Liver 
The values are given in mg. per 100 gm. 


Organic acid in fresh tissue* 
Tissue Type of bone comet 
Fumaric | Succinic | Aconitic | Malic Citric 
Bone, beef Cancellous 0.2 1.8 2.7 5.2 475 
‘ Dog A Compact 0.2 2.7 3.6 6.6 852 
Cancellous 0.2 3.0 3.3 3.9 609 
Compact 0.1 3.8 5.0 966 
Cancellous 0.2 1.6 4.9 553 
“Rabbit A Compact 0.2 3.6 2.6 6.3 565 
Cancellous 0.2 3.1 3.3 5.3 394 
Compact 0.2 1.3 3.6 4.6 627 
Cancellous 0.2 2.6 2.0 8.0 509 
gg shell A 0.0 0.0 0.0 2.9 66 
0.0 0.0 0.0 0.8 ll 
Rat liver 0.5 2.5 0.1 1.6 3.3 


* Means of duplicate determinations, the values of which checked closely. 


TABLE III 
Coprecipitation of Organic Acids with Bone Salts in Vitro 
Experi- Acid 
ment Organic acid present in 
No. Fumaric Succinic | Aconitic | Malic Citric 
1 Supernatant, mg. per 100 ml. 2 2 2 2 2 
Ppt., mg. per gm. Ca 0 0.5 12.9 | 4.4 | 26.7 
2 Supernatant, mg. per 100 ml. 2 2 2 2 0 
| Ppt., mg. per gm. Ca 0 | 0.7 16.0 5.2 0 
3 | Supernatant, mg. per 100 mil. 0.2 | 0.2 0.2 0.2 2 
| Ppt., mg. per gm. Ca 0 0 0.9 0.3 | 26.0 
cl Supernatant, mg. per 100 mil. 0.1 0.1 0.1 0.1 2 
| Ppt., mg. per gm. Ca 0 0 0.2; 0.1 | 23.5 
tation. Little or no fumaric acid was coprecipitated at the levels studied. 


A small amount of succinic acid was precipitated from a concentration of 
2 mg. per cent, but at 0.2 mg. per cent the amount was negligible. Aco- 
nitic and malic acids were precipitated from initial concentrations of 0.1 
mg. per cent and would probably be precipitated from still lower concen- 
trations. 
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Incorporation of Radioacetate—When finely divided bone was incubated 
with radioactive acetate, radioactivity was incorporated into all the acids 
studied (Table IV). Small amounts of radioactivity were taken up by 
acids present in bone in small concentrations (less than 0.02 mmole per 
100 gm.), but large amounts were taken up by the acids present in relatively 
high concentrations. The specific activities of aconitic and citric acids 
were about equal and were much lower than the values for the other acids. 
Succinate is not listed in Table IV because a small amount of radioactive 


TaBLeE IV 
Incorporation of Radioacetate into Organic Acids of Bone 
Experiment No. Acid Concentration Radioactivity in acid 
1 Fumaric* 0.0015 880 590 
Aconitic 0.0188 440 23 
Malic 0.082 37,700 458 
Lactic 0.082 26, 800 326 
Citric 4.09 84,800 21 
27 Fumaric 0.0007 1,800 2600 
Aconitic 0.0104 360 35 
Malic 0.0216 40, 200 1860 
Lactic 0.104 22,100 213 
Citric 3.95 97 , 900 25 


* Data for this acid are approximate because of its low concentration. 
+ 2 mg. of streptomycin and 1.2 mg. of penicillin were present in the incubation 
mixture. 


succinate present in the sodium acetate used for incubation interfered with 
measurements of radioactivity incorporated into this acid. 


DISCUSSION 


Six of the acids of the tricarboxylic acid cycle, citric, aconitic, malic, 
succinic, fumaric, and a-ketoglutaric acids, have been identified in com- 
pact bone. Of these, only a-ketoglutaric and fumaric acids are found at 
a lower concentration in bone than in liver, a representative soft tissue. 
Succinic acid is present in bone at about the same concentration and the 
other acids at significantly greater concentrations than in liver. 

The organic acids appear to be present in bone in two different forms: 
a metabolically active, soluble form which corresponds to that of soft tissue 
and an inactive, insoluble form which is incorporated into the bone salt. 
Fumaric and a-ketoglutaric acids appear to be present primarily as meta- 
bolic acids. They occur at a lower concentration in bone than in liver, 
and fumaric acid is not incorporated in vitro into bone salts. Furthermore, 
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when bone is incubated with radioactive acetate, the fumaric acid of the 
bone reaches a relatively high specific activity. The other acids occur ijn 
bone in both forms. They are coprecipitated in vitro in varying degrees 
with bone salt, and, when bone is incubated with radioacetate, the specific 
activities of those acids which have been studied vary inversely with the 
extent of coprecipitation. The low specific activities of aconitic and citric 
acids, as compared with the other acids, are due to dilution of the activity 
of the active portions of these acids by relatively large amounts of the in- 
active acids. 

The data in Table IV are sufficiently complete to allow an estimation of 
the concentration of organic acids in the supernatant solutions required 
to give a precipitate containing the same concentration of acid as bone. 
When expressed in terms of mg. of acid present per gm. of calcium in bone, 
the concentrations of succinic, aconitic, malic, and citric acids in bone 
(Table II) are approximately 0.1, 0.12, 0.24, and 30 mg., respectively. 
Under the conditions of the experiments performed in vitro (Table III), 
these concentrations are reached when the initial concentrations of the 
acids are about 0.7, 0.06, 0.2, and 2.5 mg. per cent, respectively. These 
concentrations are similar to the concentrations of the same acids in rat 
liver and are within the rather wide range of values reported for soft tissues 
by other workers (13). 

The experiments indicate that the members of the tricarboxylic acid 
cycle are metabolically active in bone. With the exception of isocitric 
acid and the unstable oxalacetic and oxalosuccinic acids, all of the acids 
of the cycle have been found in bone. Radioactivity is incorporated into 
fumaric, aconitic, malic, and citric acids on incubation of intact bone with 
radioactive acetate. Cartier (14) pointed out that bone has a histological 
structure favorable to aerobic oxidation. Dixon and Perkins (4) demon- 
strated isocitric acid dehydrogenase activity in cancellous bone. Their 
failure to find it in compact bone may have been due to the low aconitase 
activity, coupled with the use of citric instead of isocitric acid as a sub- 
strate. The incorporation of radioactivity is probably a more sensitive 
method, but it may be less specific than enzyme studies (4, 5) for demon- 
strating the activity of the oxidative cycle. 


SUMMARY 


Citric, malic, aconitic, succinic, and fumaric acids have been shown to 
be present in compact bone in concentrations of about 750, 5.5, 3, 2.5, and 
0.2 mg. per cent, respectively. These amounts correspond to about 230, 
3.5, 30, 1, and 0.4 times the concentrations of these acids present in liver. 
Lactic, pyruvic, and a trace of a-ketoglutaric acids are also present in bone. 

Citric, malic, aconitic, and succinic acids are coprecipitated in vitro with 
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bone salts from inorganic salt solutions. The amounts of acids in the 
supernatant solution required for the coprecipitation of the amounts of 
acids present in bone are within the ranges of values reported for these acids 
for various tissues. 

When finely divided bone is incubated with carboxyl-labeled acetate, 
radioactivity is incorporated into the organic acids. The specific activity 
of these acids varies inversely with the extent to which the acids are co- 
precipitated with bone salt. 
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The presence of ergothioneine in the red blood cells of animals was dis- 
covered 30 years ago by Hunter and Eagles (1) and by Benedict, Newton, 
and Behre (2). Interest in the biochemical significance of ergothioneine 
has been renewed by the discovery of Mann and Leone (3) that most of 
the reducing capacity of boar semen is due to this compound, and by the 
careful studies of Melville and his coworkers (4-6), which indicate that 
ergothioneine is not synthesized in the body but is derived solely from the 
diet. In the course of our studies on the prevention of thiourea toxicity 
(7) by sulfhydryl compounds and their precursors (8), we have observed 
that the blood ergothioneine level in rats fed a natural food diet in- 
creases With age and is decidedly higher in the mature male than in the 
female. These findings, together with the response of blood ergothioneine 
to hormone treatment and castration, are presented in this paper. 


Materials and Methods 


Albino rats, obtained from a University of Denver strain inbred for 
60 generations, were bred and raised in our laboratory. The animals were 
maintained on a diet of Purina laboratory chow checkers (Ralston Purina 
Company), supplemented twice a week with greens. The components of 
the diet which contained ergothioneine were liver meal (9), corn grits 
(5), and oat middlings (6). The purified diet employed in some experi- 
ments consisted of 18 per cent casein, 68 per cent sucrose, 10 per cent 
vegetable oil, 4 per cent salts (U.S. P. No. 2), and all of the known vita- 
mins, 

Blood ergothioneine was measured by the specific method of Melville and 
Lubschez (10). All the determinations were made on duplicate 0.5 ml. 
samples of blood drawn from the tail vein by using a No. 27 !% inch hypo- 
dermic needle and a silicone-treated tuberculin syringe containing heparin. 
Prior to the vena puncture, the animals were kept at 37° for 1 hour in a 
constant temperature room and then anesthetized lightly with sodium 
Nembutal administered intraperitoneally at a dosage of 3 mg. per 100 gm. of 


*This work was made possible by a grant from the Association for the Aid of 
Crippled Children. 
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body weight. By use of this procedure, repeated blood samples could be 
obtained from the same animal for at least a year without undue trauma or 
occlusion of the tail vein. 

The ergothioneine content of the erythrocytes was also examined semi- 
quantitatively by paper chromatography of the protein-free filtrate (10) 
on Whatman paper No. 52. Light was excluded from the system and the 
chromatogram was developed for 17 hours at 24.5° in an ascending system 
of Baldridge and Lewis (11), which contains a mixture of n-butanol, meth- 
anol, benzene, and water (1:2:1:1). The dried chromatograms were 
sprayed lightly with a solution composed of 4 ml. of freshly prepared diazo 
reagent (10) and 4 ml. of buffer (12) made up to 60 ml. with ice cold doubly 
distilled water. Ergothioneine is characterized by a yellow spot which 
turns to magenta upon the application of 10 Nn NaOH. 

A single sharp spot of Rr 0.48 was obtained with both ergothioneine hy- 
drochloride dihydrate (California Foundation for Biochemical Research) 
and the free anhydrous base.! However, with the protein-free filtrate of 
red blood cells, there was considerable tailing which could be prevented by 
desalting the filtrate in a Reco electric desalter. This procedure resulted 
in the formation of two spots of Rr 0.08 and 0.48, and similar treatment of 
either of the ergothioneine standards also gave the same two spots. When 
either spot was eluted with distilled water and rechromatographed, the same 
single spot was obtained, but if either eluate was first run through the de- 
salter it then gave both the high and the low spots. Apparently ergothio- 
neine is partially converted to some other diazo-reacting compound in the 
desalting apparatus. 

Chromatograms were also prepared by using the first solvent system de- 
scribed by Redfield (13) for his two-dimensional procedure; 7.e., methanol, 
water, and pyridine (20:5:1). This method proved to be very sensitive, 
permitting the detection of 2.5 y of ergothioneine in desalted samples of 
the protein-free filtrate of red cells. Two spots of Rr 0.08 and 0.45 were 
obtained both with the desalted ergothioneine standards and with the red 
cell filtrates. 


RESULTS AND DISCUSSION 


As shown in Table I, the ergothioneine content of the red blood cells of 
both male and female rats fed a natural food diet increased 2-fold between 
the lst and 3rd month of life. Thereafter, the level in the blood of the 
females remained relatively constant. In the males, however, the ergo- 
thioneine concentration continued to rise until it was double the level found 
in the female. This high level was maintained until the experiment was 


1 We are indebted to Dr. Donald B. Melville for this sample of ergothioneine iso- 
lated from ergot. 
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terminated at 18 months. The sex difference in blood ergothioneine con- 
centration observed at 12 months of age was statistically significant at the 
0.01 level, according to Fisher’s ¢ test (14). 

It should be pointed out that in 1951 Hunter (15) described measure- 
ments which suggested to him the opposite relationship between sex and 
blood ergothioneine; namely, that the level was higher in the female than 
in the male. In view of our results, it seems possible that the difference 
observed by him was actually due to a difference in the age of his rats. 

In view of the foregoing observations, the effect of testosterone on the 
blood level of ergothioneine in females was examined. Animals, the blood 


TABLE I 
Effect of Age and Sex on Concentration of Blood Ergothioneine in Rat 


The ergothioneine of the red blood cells is expressed as mg. per 100 ml. of whole 
blood. 


Sex No. of rats Age Weight Ergothioneine 
mos gm. mg. per cent 
Female 4 1 45- 50 3.2 + 0.5* 
Male 7 1 50- 60 3.5 + 0.6 
Female 6 3 130-175 8.1 + 0.6 
Male 17 3 200-250 7.3 + 0.2 
Female 8 6 200-250 8.7 + 0.5 
Male 20 6 225-350 10.3 + 0.4 
Female 32 12-18 250-300 7.5 + 0.3 
Male 18 12-18 350-450 15.2 + 0.4 
* Standard error = — 2)? 
N (N — 1) 


ergothioneine of which had been shown by repeated determinations to be 
characteristic of the adult female, were injected with testosterone propio- 
nate three times a week, and the ergothioneine content of their red cells was 
determined after 4 weeks. By this time, as shown in Table II, the blood 
ergothioneine had reached a level comparable to that observed in the adult 
male, and the continued administration of testosterone maintained this 
high level during the remaining 3 months of the experiment. If, however, 
the injections were stopped, the blood ergothioneine returned to the level 
characteristic of the normal female. Administration of testosterone to 
adult males (Table II) did not further increase the ergothioneine content 
of their blood, even when the treatment was continued for 16 weeks. 

The effect of female sex hormone on the level of blood ergothioneine of 
male rats was next investigated. Estradiol administration from the 28th 
to the 40th week of life did not reduce the ergothioneine content of the 
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blood in these animals. Furthermore, castration of immature male rats 
at 5 weeks of age did not prevent the subsequent rise in blood ergothioneine 
that was typical of the male animal. Even when these castrated animals 
were injected with estradiol three times weekly, there was no marked de- 
crease in the ergothioneine content of their blood (Table IT). 

In addition to photometric analysis, the ergothioneine content of the 
blood of animals in each experimental group was examined semiquantita- 
tively by the paper chromatography procedures described under ‘Materials 
and methods.”’ Authentic samples of ergothioneine were spotted in appro- 


TABLE II 
Effect of Hormones on Ergothioneine Content of Red Blood Cells 
The ergothioneine is expressed as mg. per 100 ml. of whole blood. The females 
were 6 months of age and the males 9 months of age at the start of the experiment, 
The test materials were injected intramuscularly three times a week. 


Sex No. of rats; Ergothioneine Treatment 
mg. per cent mg. per ceni 

Female 8) 7.8 + 0.2 Testosteronet 18.8 + 1.2 
as 7 7.824 1.8 Sesame oil 9.3+ 0.5 
Male 4 14.8 + 0.4 Testosteronet 16.3 + 0.8 
4 14.2 + 1.0 Sesame oil 14.4 + 1.3 
+. 2 4 14.8 + 0.3 Estradiol§ 13.8 + 0.5 


* The blood levels found after 4 weeks of treatment did not change during the 
remaining 12 weeks of the experiment. 

+ 1 mg. of testosterone propionate (Perandren, Ciba Pharmaceutical Products, 
Inc.), dissolved in 0.1 ml. of sesame oil. 

t Castrated at 5 weeks of age. 

§ 400 y of estradiol U. 8. P. (California Foundation for Biochemical Research) 
dissolved in 0.1 ml. of sesame oil. 


priate dilutions as reference standards. In all instances, the ergothioneine 
spots obtained from the red cell extracts of adult males and testosterone- 
treated females were more intense than those obtained with the extracts 
derived from untreated adult females. Comparison with the standards 
indicated that the concentration of ergothioneine in the erythrocytes of the 
males and hormone-treated females was approximately double that of the 
normal female. 

The high ergothioneine content of the blood in adult males could not be 
attributed to a greater food consumption, for these animals ate not over 
10 per cent more than the females. Furthermore, the great increase in red 
cell ergothioneine produced in females by testosterone was not accompanied 
by a significant increase in food consumption. Neither were the observed 
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differences in concentration of blood ergothioneine due to differences in 
total red cell volume. The hematocrit values for normal and testosterone- 
treated females were 50 and 54 ml. per 100 ml. of blood, respectively. 

The source of blood ergothioneine in normal rats appears to be entirely 
dietary. Using isotopic procedures, Melville and his colleagues (4, 5) have 
shown that histidine, thiolhistidine, and methionine are not converted to 
ergothioneine in the body, and Heath (16) has obtained similar results with 
thiolhistidine slightly earlier. Furthermore, the former investigators found 
that animals fed purified diets have very low levels of blood ergothioneine 
(4). Consequently, we investigated the effect on our adult male and testos- 
terone-treated female rats of transferring them from the natural food diet 


blood 


30 60 390 120 150 180 210 240 300 
Days 


Fic. 1. The effect of testosterone and diet on the concentration of blood ergothio- 
neine. Female 17 (O) was injected with 1 mg. of testosterone propionate intra- 
muscularly three times a week. Male 4 (A) and female 8 (@) were injected with 
sesame oil. The animals were fed a natural food diet which was replaced between 
the 60th and 120th day by a purified diet. 


to a purified ergothioneine-free diet. The results obtained with repre- 
sentative animals are shown in Fig. 1. In all groups the ergothioneine 
concentration fell to a level far below that ever observed in animals fed the 
stock diet. This decline was not prevented by the continued injection of 
females (or males) with testosterone. When the stock diet was restored, 
there was in every instance a rapid rise in the ergothioneine content of the 
blood. Furthermore, it rose in the males and androgen-treated females to 
a level approximately twice that of the normal females (Fig. 1). 

It appears from these experiments that the increased quantity of blood 
ergothioneine found in females injected with testosterone is derived from 
the diet and results from an increased absorption or retention of exogenous 
ergothioneine. In other words, testosterone greatly increases the ability of 
the female to accumulate in her red blood cells this trace organic constituent 
of the diet. With respect to the male, our castration experiments show that 
the greater ability to concentrate ergothioneine had been established at 5 
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weeks of age, even though this characteristic was not manifest until several] 
months later (Table Il). Moreover, this ability was not dependent on the 
presence of the germ plasm but appeared to be a property of the somatic 
cells, a property which was either inherent or induced before the 5th week 
of life. Finally, this characteristic was not abolished by large doses of 
estradiol, nor was it increased by the administration of testosterone pro- 
pionate. 

Since the thiolhistidine portion of ergothioneine contains the thiourea 
radical which we found (17, 18) in 1942 to bea potent inhibitor of thyroxine 
synthesis in vivo and a powerful goitrogen, the thyroids of the experimental] 
animals were examined carefully for gross and microscopic changes. Even 
when the ergothioneine content of the red blood cells of male rats and of 
testosterone-treated female rats had been 15 mg. per 100 ml. or higher for 
long periods of time, there was no discernible difference in the height of the 
follicular epithelium, the amount of colloid, or the size of their thyroid 
glands as compared to rats maintained on the purified diet for 4 months 
with concentrations of blood ergothioneine of less than 0.5 mg. per 100 ml. 


The authors wish to acknowledge the technical assistance of Mrs. Ralph 
Tanz. 


SUMMARY 


The ability of the rat to accumulate exogenous ergothioneine in its red 
blood cells is influenced markedly by age and sex. In animals maintained 
on a natural food diet, the blood level doubled in both sexes during the 
first 3 months of life. Thereafter, it remained constant in the female while 
again doubling in the male. 

The greater ability of the male to accumulate dietary ergothioneine was 
not eliminated by castration or estrogen treatment, or by a combination 
of these two procedures. The ergothioneine content of the blood of females, 
on the other hand, was raised to the male level by the administration of 
testosterone propionate. 

When adult males and females, or testosterone-treated females, were 
transferred to a purified diet, the ergothioneine content of their blood fell 
steadily toward a common low level characteristic of the weanling rat. 
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NUCLEOTIDE METABOLISM 


Vil. THE INCORPORATION OF RADIOACTIVITY FROM OROTIC 
ACID-6-C" INTO RIBONUCLEIC ACID IN CELL-FREE 
SYSTEMS FROM RAT LIVER* 


By EDWARD HERBERT, VAN R. POTTER, ano LISELOTTE I. HECHT? 


(From the McArdle Memorial Laboratory, Medical School, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, September 17, 1956) 


The naturally occurring acid-soluble ribonucleoside-5’-phosphates of 
uracil and cytosine (1) have been implicated as intermediates in the bio- 
synthesis of RNA! (2) in animal tissues, but the interconversion of the 
nucleoside mono-, di-, and triphosphates occurs so rapidly in vivo (3) that 
no conclusion can be drawn as to the nature of the immediate RNA pre- 
cursor. In experiments with bacterial extracts (4) it has been shown that 
the nucleoside diphosphates are the precursors of RNA type polynucleo- 
tides. Labeling of RNA in rat liver homogenates was reported by Fried- 
kin and Lehninger (5) and in pigeon liver homogenates by Goldwasser 
(6, 7), but no conclusions were drawn as to the immediate precursors of 
RNA. Preliminary experiments (8) showed that in rat liver homogenate 
systems a radioactive precursor, such as orotic acid-6-C™, is converted 
specifically to acid-soluble 5’-uracil nucleotides by metabolic conversions 
previously described (9-11), and these are incorporated into RNA. The 
present paper extends these findings and describes the distribution of some 
of the enzymatic components of this system in the cell fractions. These 
studies provide a basis for further work on the nature of the immediate 
precursors of RNA in animal tissue preparations, and provide some indica- 


* This work was supported in part by a grant (No. C-646) from the National 
Cancer Institute, National Institutes of Health, United States Public Health Service. 

t Postdoctoral Public Health Research Fellow of the National Heart Institute, 
United States Publie Health Service, Bethesda, Maryland. Present address, De- 
partment of Biology, Massachusetts Institute of Technology, Cambridge, Massachu- 
setts. 

t Present address, Huntington Laboratory, Massachusetts General Hospital, Bos- 
ton, Massachusetts. 

' The abbreviations used are UMP, UDP, UTP, AMP, ADP, and ATP, uridine and 
adenosine mono-, di-, and triphosphates, respectively; CMP, cytosine nucleoside 
monophosphate; UDPAG, UDP N-acetylglucosamine; UDPG, UDP glucose; UDP- 
X, UDPAG and UDPG; RNA and DNA, ribonucleic and deoxyribonucleic acids, re- 
spectively; IP, inorganic phosphate; HDP, hexose diphosphate; DPN, diphospho- 
pyridine nucleotide; PCA and TCA, perchloric and trichloroacetic acids, respec- 
tively. 
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tion that they may be similar to the precursors implicated by work with 
bacteria (4). 


Methods 


Livers from 200 to 300 gm. normal or partially hepatectomized male a]. 
bino rats were used. The animals were decapitated 20 to 24 hours after 
the operation and the livers were placed in cold 0.25 m sucrose. The liver 
was then blotted dry, weighed, minced with scissors, and homogenized at 
0° in the proportion of 1 gm. of tissue per 3.0 ml. of 0.25 m sucrose in an 
all-glass Potter-Elvehjem homogenizer. It was found that both normal 
and regenerating livers could be used as sources of enzyme activity in the 
systems employed, and no significant differences were observed. 

Preparation of Liver Cell Fractions—When a complete fractionation was 
desired, the following procedure was used. The homogenate was centri- 
fuged at 600 X g for 10 minutes in a flat yoke No. 269 in a model PR-1] 
International refrigerated centrifuge to sediment the nuclei. The nuclei 
were resuspended with a loose fitting homogenizer and washed twice in 
0.25 m sucrose. ‘The first washing was combined with the original super- 
natant liquid from nuclei (S;) and centrifuged at 5000 X g for 10 minutes 
in an International refrigerated centrifuge, equipped with an angle head, 
high speed attachment No. 2535, to sediment the mitochondria. The 
mitochondria were washed once in 0.25 m sucrose and the fluffy layer was 
swirled off the top of the mitochondrial pellet by several additions of small 
amounts of sucrose. This layer was combined with the supernatant liquid 
from mitochondria (S:). The S. fraction (with fluffy layer) was then 
centrifuged at 105,000 * g for 45 minutes in a Spinco preparative ultra- 
centrifuge to sediment the microsomes. The top half of the supernatant 
liquid from the microsomes was pipetted off and represents the 8; fraction 
used in these experiments. When the S: fraction alone was needed, the 
homogenate was centrifuged at 5000 X g for 10 minutes to sediment the 
nuclei and mitochondria together. When only the 8; fraction was de- 
sired, the homogenate was centrifuged at 105,000  g for 45 minutes. All 
of the above procedures were carried out at 0—2°. 

Reaction Systems—The incubations were performed in 50 or 125 ml. 
Erlenmeyer flasks, with the volumes of the incubation mixtures ranging 
from 6 to 25 ml., at 30° in a water bath equipped for shaking, with air as 
the gas phase. Determinations of pH were performed at the beginning and 
at the end of the incubation period by using phenol red on a spot plate, and 
the pH was between 7.1 and 7.4 in all of the experiments reported here. 

The composition of the incubation mixture (concentration in micromoles 
per ml.) was as follows: (1) The oxidative incubation mixture (mitochon- 
drial systems) contained potassium phosphate buffer (pH 7.2), 9; MgCh, 
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3; K pyruvate, 10; KK glutamate, 10; and K fumarate, 4. (2) The glyco- 
lytic incubation mixture (S2 systems) contained MgCh, 3; potassium phos- 
phate buffer (pH 7.2), 9; HDP (Kx salt), 10; DPN, 0.1; and nicotinamide, 
40. 

The final concentration of sucrose in all cases was adjusted to 0.2 m to 
provide an isoosmotic medium, the molarity of other components being 
taken into account. Except when otherwise stated, 1.0 umole per ml. of 
ATP and 700,000 c.p.m. of orotie acid-6-C™ (either 700,000, 985,000, or 
1,200,000 c.p.m. per umole) were added for each gm. equivalent of tissue 
used. Ribose-5-phosphate and fructose were added in concentrations of 
1.6 and 4.0 umoles per ml., respectively, only when specified. The final 
concentration of the tissue was 1 gm. equivalent per 10 ml. of incubation 
mixture. 

The incubations were carried out in the following manner. Flasks 
containing all of the components of the incubation mixture except the 
tissue were chilled in ice. The tissue was then added and the flasks placed 
in the incubation bath and allowed to equilibrate at 30° for 5 minutes. 
In the time-course experiments, aliquots were removed at appropriate times 
and pipetted directly into TCA. In other experiments, all the flasks were 
chilled in ice and the contents then deproteinized with TCA at a final con- 
centration of 8 per cent. When the acid-soluble fraction was to be chro- 
matographed (11), the deproteinization was carried out with 1.5 n PCA 
at a final concentration of 0.5 Nn. After the deproteinized mixtures had 
remained in the ice bath for 30 minutes, they were centrifuged to obtain 
the protein-free filtrates. 

Chromatography—The acid-soluble components, shown in Figs. 1 and 2, 
were separated by chromatography on Dowex | (X 10) formate resin col- 
umns (20 em. X 1 em.?) by the extended gradient elution techniques de- 
scribed by Hurlbert ef al. (12). The labeled compounds were identified 
after rechromatography by spectrum and chemical analyses together with 
comparison with known compounds as described (12, 2). Chromatography 
of the acid-soluble fractions and RNA hydrolysates was also performed on 
manually operated Dowex 1 (X 10) formate resin columns (4 cm. X 0.78 
cm.?). The preparation of the latter columns, the placement of the sam- 
ples on the column, and the elution procedure for the separation of the 
acid-soluble nucleotides were those employed by Herbert e¢ al. (11) for the 
separation of 5’-uracil nucleotides, except as noted. 

Isolation and Analysis of Nucleic Acids and Distribution of Radioactivity 
m Acid-Insoluble Fraction—The acid-insoluble fraction was ordinarily 
washed four or five times in 10 volumes of cold 5 per cent TCA. In the 
experiment in which whole homogenate was used, the acid-insoluble frac- 
tion was treated according to the following procedure to isolate the nuclear 
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RNA and DNA and to determine the distribution of the radioactivity 
(in per cent of total counts per minute). 


1. The acid-insoluble fraction was washed seven times in cold 5 per cent TCA 
(acid-insoluble residue = 100 per cent). 

2. It was next washed twice in cold 95 per cent alcohol. 

3. The lipide was extracted with a 2:1 mixture of 95 per cent alcohol and ether 
for 30 minutes at 50° (lipide extract = 0 per cent). 

4. The precipitate was washed twice in 95 per cent alcohol. 

5. Nucleic acids were extracted by addition of 2.5 volumes of 10 per cent NaC] 
(volumes relative to volume of precipitate) at pH 7.0 and 100° for 30 minutes. This 
procedure was repeated once for 15 minutes (protein residue = 0 per cent). 

6. Nucleic acids were precipitated from combined NaCl extracts by addition of 
2.5 volumes of cold 95 per cent alcohol and chilled in a freezer at —20° for 8 to 12 hours. 

7. RNA was hydrolyzed to 2’, 3’-nucleotides with 0.1 Nn NaOH for 45 minutes at 
80° (RNA = 95 per cent). 

8. DNA, still in a polymerized form, was precipitated by acidifying to 0.1 n HC] 
and centrifugation (DNA = 0 per cent). 


Steps 7 and 8 were repeated once. In all the other experiments reported 
here, the procedure was modified (J. H. Schneider, unpublished work) in 
that the lipide was extracted after the precipitation of the nucleic acids in 
alcohol; 7.e., Step 2 was omitted, and Steps 3 and 4 came after Step 6. 
This change gives a larger yield of nucleic acids by eliminating the loss of 
material resulting from violent bubbling which accompanies the extrac- 
tion of the nucleic acids at 100° when alcohol is present. When DNA was 
absent (no nuclei), Steps 7 and 8 were omitted. 

Measurement of Radioactivity,—The material to be counted was spread 
and dried on aluminum disks inscribed with a circle 1.85 cm. in diameter 
(2). Radioactivity was measured in internal flow counters and was cor- 
rected for self-absorption. Samples containing sodium salts of RNA 
were dissolved in 0.1 N NaOH and then neutralized with a slight excess of 
HCl before they were plated. Aliquots were removed for determinations 
of RNA and DNA. The samples from each flask were always plated in 
duplicate. The radioactivity is reported as specific activity or counts per 
minute per mg. of RNA, andas the total counts per minute in RNA (spe- 
cific activity X total amount of RNA). The average differences in specific 
activity from duplicate flasks is 10 per cent. 

Determination of RNA and DNA—Analyses for RNA and DNA were 
carried out by the orcinol (13) and diphenylamine (14) reactions, respec- 
tively. The orcinol reaction was performed twice during the extraction, 
once immediately after the addition of NaCl to determine total RNA? and 


2 We are indebted to Dr. Charles Heidelberger and the technical staff for the 
measurements of radioactivity. 

3 It should be noted that NaCl has no effect on the orcinol reaction and that very 
little loss of RNA occurs during the extraction procedure up to Step 5. 
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again after Step 6 to obtain an accurate estimate of RNA in the plated 
sample. 

Thantese~The orotic acid-6-C used here was prepared by the method 
of Heidelberger and Hurlbert (15) or was purchased from Tracerlab, Inc., 
Boston. Baz2HDP was obtained from the Nutritional Biochemicals Cor- 
poration, Cleveland, and converted to the potassium salt before use. 
DPN was obtained from the Pabst Laboratories, Milwaukee, and the 
sodium salts of uridine-5’-phosphate and uridine triphosphate from the 
Sigma Chemical Company, St. Louis, or from the Pabst Laboratories. 
Samples of Na phosphocreatine were kindly given to us by Dr. 8. A. Kuby, 
Dr. L. Noda, and Dr. H. A. Lardy of the Institute for Enzyme Research 
at the University of Wisconsin. 


Results 


Formation of Acid-Soluble Uracil Nucleotides—In Figs. 1 and 2 it is shown 
that only acid-soluble 5’-uracil nucleotides are formed from orotic acid-6- 
C4 during incubation of the cytoplasmic fraction of normal liver in an 
oxidative incubation medium. Non-radioactive 5’-CMP, 2’,3’-CMP, 
and 2’ ,3’-UMP added to the acid-soluble extract were isolated, and it was 
ascertained that radioactive pools of these compounds were not detectable 
under these incubation conditions. 

Formation of Labeled RN A—Fig. 3 shows the time-course of the incor- 
poration of radioactivity into nuclear RNA and cytoplasmic RNA during 
the incubation of orotic acid-6-C™ with a whole homogenate from 24 hour 
regenerating rat liver. At each time period a sample was removed from 
the incubation mixture and chilled and separated by centrifugation into 
nuclear and cytoplasmic fractions which were then washed, deproteinized, 
and treated for the extraction of nuclear and cytoplasmic RNA. It is clear 
that the specific activity of the nuclear RNA reached a maximum before 
that of cytoplasmic RNA as in the whole animal studies of Hurlbert and 
Potter (16). 

The data for total incorporation likewise resemble the results of in vivo 
studies (16). It can also be concluded that intact cells or nuclei are not 
responsible for the observed incorporation, since the 600 * g supernatant 
liquid (S,) is almost as active as the whole homogenate. The decrease in 
the specific activity of the cytoplasmic RNA with prolonged incubation 
occurs consistently and is receiving further study. 

Proof of Incorporation of Radioactivity into RNA—Because the radio- 
activity incorporated into the RNA fraction in the above type of experi- 
ment represents only 0.4 to 0.8 per cent of the initially added radioactivity, 
the possibility of contamination of the RNA with radioactive acid-soluble 
5’-uracil nucleotides or orotic acid had to be considered. 

RNA samples from several experiments were pooled and hydrolyzed for 
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Fic. 1. Conversion of orotic acid-6-C™ to the acid-soluble uracil nucleoside-5’- 
phosphates during incubation of the cytoplasmic fraction of normal rat liver under 
oxidative conditions. 2.6 gm. equivalents of the cytoplasmic fraction were incubated 
for 20 minutes at 30° in the standard oxidative mixture containing 0.3 umole per ml. 
of ATP and 0.1 umole per ml. of orotic acid-6-C (985,000 c.p.m. per umole). Before 
chromatography, 1 wmole each of non-radioactive 5’-CMP, 2’,3’-CMP, and 2’,3’- 
UMP were added to the acid-soluble extract. The compounds were chromatographed 
on a 20 X 1 em.? Dowex 1 (X 10) formate resin column by gradient elution by use of 
a 300 ml. mixer and the following solutions in the reservoir: 1, H2O; 2,1 Nn HCOOH; 
3,4 Nn HCOOH; 4, 4 Nn HCOOH + 0.2 N ammonium formate; 5,4 N HCOOH + 
ammonium formate; 6, 4 N HCOOH + 0.8 N ammonium formate. The counts per 
minute per ml. are indicated by cross-hatching and the optical densities at 260 mp 
are plotted as a solid line for each chromatographic fraction (100 drops per tube). 
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Fic. 2. Rechromatography on the ammonium formate system of the 5’-UMP, 
2’,3’-UMP, and the orotic acid-containing fraction (tubes 131 to 160) from the formic 
acid chromatogram in Fig. 1. A 20 X 1 em.? column was used, and the compounds 
were separated by gradient elution by using a 500 ml. mixer and 1 Mm ammonium 
formate at pH 5 in the reservoir. 
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45 minutes at 80° in 0.1 N NaOH. The resulting mixture, consisting of 
2’ ,3’-nucleotides, was chromatographed together with non-radioactive 
5/-UMP and orotic acid of high purity on a Dowex 1 anion exchange 
column (Fig. 4). The resolution of the products of hydrolysis of RNA as 
well as 5’-UMP and orotic acid is apparent. Almost all of the 720 ¢.p.m. 
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Fic. 3. The rate of incorporation of radioactivity into nuclear (H-Nuc.) and 
cytoplasmic (H-Cyt.) RNA during incubation of orotic acid-6-C™ with a whole 
homogenate from 24 hour regenerating liver. The curves labeled S: represent in- 
corporation in a system incubated with cytoplasmic fraction (no nuclei) and orotic 
acid-6-C™. Inthe case of the whole homogenate, 2.5 gm. equivalents of homogenate 
were incubated with the following components (in micromoles per ml.): MgCl:, 3; 
K phosphate, 9; K pyruvate, 10; K glutamate, 10; K fumarate, 4; fructose, 4; ribose- 
5-phosphate, 1.6; ATP, 1.0; DPN, 0.1; nicotinamide, 40; KHCOs, 50; glycylglycine, 
50. The flasks also contained 1.8 X 10° c¢.p.m. of orotic acid. The initial incubation 
volume was 25 ml. and the concentration of sucrose 0.2 M. 5 ml. samples were re- 
moved at the specified intervals and placed in cracked ice. These samples were cen- 
trifuged at 600 X gfor 10 minutes at 0°. The nuclear sediment was washed twice with 
10 volumes of cold 2 per cent acetic acid after resuspension with a loose fitting glass 
homogenizer. The washings were combined with the original supernatant liquid and 
deproteinized with 100 per cent TCA to a final concentration of 8 per cent. The nu- 
clei were suspended in 10 ml. of 0.20 m sucrose and deproteinized in the same way. In 
the case of the cytoplasmic fraction, the incubation mixture had the same composi- 
tion as above, except for 1.5 X 10° c.p.m. of orotic acid in an initial volume of 20 ml. 


added to the column appear in the 2’ ,3’-UMP peak (93 per cent) with a few 
counts per minute in the 5’-UMP peak. The radioactivity closely follows 
the /2.0, establishing that the radioactivity in the Na nucleate fraction 
isolated at Step 7 is, in reality, in the 2’,3’-UMP moiety of RNA. The 
finding that radioactivity is present only in the uracil moiety of RNA is in 
contrast to the results of in vivo studies (16), in which it was shown that 
radioactivity from orotic acid was present in both the uracil and the cyto- 
sine moieties of RNA, and in agreement with the fact that no radioactive 
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acid-soluble cytosine derivatives were formed during the incubation in 
vitro (cf. Fig. 1). ? 
Dilution Effect of Uracil Nucleotides—The results of in vivo studies (2) 
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Fic. 4. Distribution of radioactivity in an alkaline hydrolysate of RNA. Sodium 
nucleates from three incubation experiments were pooled and hydrolyzed for 45 min- 
utes in 0.1 n NaOH at 80°. The hydrolysate was acidified to 0.1 N HCl and centri- 
fuged. The precipitate was treated again in the same manner. To the combined 
hydrolysates were added 3 umoles of 5’-UMP and 5 umoles of orotic acid (both non- 
radioactive). After an aliquot had been removed for an orcinol test and for plating, 
the sample was placed in a Dowex 1 anion exchange column as described elsewhere 
(11). The elution was carried out in the manner shown below the chromatogram. 


TABLE I 
Effect of Adding Non-Radioactive Uracil Nucleotides to Reaction System 
The initial composition of each flask was as follows: 50 umoles of HDP, 0.5 umole 
of DPN (1 X 107-4 M), 200 umoles of nicotinamide (0.04 mM), 45 umoles of IP, 15 wmoles of 
MgCl:, 0.2 m sucrose, 350,000 c.p.m. of orotic acid (0.29 wmole), and 0.5 gm. of 8; 
fraction in 5.0 ml. of incubation mixture. The incubation was carried out for 30 
minutes. 


Nucleotide additions Specific activity Total activity 
pmoles per ml. c.p.m. per mg. RNA c.p.m. per flask*® 
0 135 205 
1.6 5’-UMP 40 60 
1.6 UTP 26 40 
1.8 2’,3’-UMP 100 160 


* Total RNA X specific activity. 
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indicate that the 5’-uracil nucleotides are intermediates in the incorpora- 
tion of orotic acid into RNA. With the cell-free system developed in the 
course of this work it has been possible to test this idea in the following way. 
5/-UMP, UTP, and 2’,3’-UMP were each added to a pair of duplicate 
flasks together with the S2 fraction from normal liver, and the incorporation 
in each pair was compared with that of a set of control flasks to which no 
uracil nucleotides had been added. The results in Table I show that 
5/-UMP and UTP both cause considerable dilution of the radioactivity in 
the RNA, while the 2’,3’-UMP has much less effect. 


IN RNA 


COMPLETE 
SYSTEM 


TOTAL C.P.M. 


0 20 40 
MINUITEFS INCUBATION 

Fic. 5. Effect of elimination of various components from the oxidative incubation 
mixture. The composition of the complete incubation mixture was as follows (in 
micromoles per ml.): K pyruvate, 10; K glutamate, 10; K fumarate, 4; IP, 9; MgCl, 
3; ribose-5-phosphate, 1.6; ATP, 1.0; DPN, 0.1; nicotinamide, 40; fructose, 4; and 0.2 
Msucrose. Each flask contained 0.6 gm. equivalent of S; from 24 hour regenerating 
liver, and 420,000 c.p.m. (0.6 uzmole) of orotic acid in a final volume of 6.0 ml. 


Effect of Different Energy Sources on Incorporation 


Elimination of Various Components from Oxidative Incubation Mixture— 
Fig. 5 shows that when either ribose-5-phosphate, DPN and nicotinamide, 
fructose, or fructose and ribose-5-phosphate are omitted from the oxidative 
incubation mixture, the incorporation proceeds almost as well as it does in 
the complete system. The omission of ATP, on the other hand, causes a 
striking increase in the incorporation. This effect is treated more com- 
pletely later. In subsequent experiments, DPN, nicotinamide, fructose, 
and ribose-5-phosphate were omitted from the oxidative incubation me- 
dium, and the amount of ATP added was reduced. 
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Phosphocreatine—Table II shows that the addition of phosphocreatine 
stimulates incorporation in the 8; fraction to a much greater extent than the 
addition of an equivalent amount of ATP. It is interesting that phospho. 
creatine has the same effect on the incorporation of amino acids into protein 
in cell-free systems from rat liver (17). It is also seen that phosphocreatine 
is less effective as an energy source in the S2 system than in the 8; system, 
indicating that the microsomes have a greater capacity for dephosphoryla- 
tion than the 8; fractions alone. 


TaBLeE II 
Activity of Different Cell Fractions and Effect of Phosphocreatine 
Each flask contained the following components in 3.0 ml. of incubation mixture: 
9 umoles of MgCl., 30 wmoles of IP, 180,000 c.p.m. (0.26 umole) of orotic acid-6-C%, 
4.8 umoles of ribose-5-phosphate, and 0.3 gm. equivalent of tissue. Flasks 7 to 9 
also contained 30 wmoles each of K pyruvate and K glutamate and 12 wmoles of K 
fumarate. The incubation was carried out for 30 minutes. 


Flask Cell fraction ATP added Phosphocre- 
pmoles pmoles c.p.m. per c.p.m. 
per ml. per ml. mg. RNA per flask* 
1 S; 0 0 T t 
2 0.3 0 T t 
3 - 1.5 0 130 35 
4 ” 0.3 3.0 590 190 
5 ‘* + microsomes 1.5 0 62 50 
6 “+ ” 0.3 3.0 56 | 44 
7 + mitochondria 0.3 0 330 200 
8 + microsomes 0.3 0 300 3340 
9 | Mitochondria + nuclei 0.3 0 T T 


* Total RNA &X specific activity. 
t Incorporation too low to measure accurately. 


Glycolysis—Table III shows that in the absence of added ATP, HDP, 
DPN, and nicotinamide, the S82 fraction has almost no activity. As ATP 
is added the incorporation increases slightly, but does not approach that 
with HDP, DPN, and nicotinamide.4 Moreover, in the presence of the 
glycolytic components, increasing amounts of ATP cause a lowering of the 
incorporation. AMP and ADP in amounts equivalent to ATP cause a 
more pronounced lowering of incorporation than does ATP, possibly in- 
dicating that adenine nucleotides are competing with intermediates for 
phosphorylation donors in addition to the effects of ATP per se. 

Inhibitory Effect of ATP—The incorporation of orotic acid-6-C™ into 


4 It can also be reported that phosphoglyceric acid will support the incorporation 
in the S: fraction in the absence of DPN and nicotinamide. 
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RNA was determined at a series of ATP concentrations known from the 
above experiments to span the entire range of inhibition. The distribution 
of radioactivity in the acid-soluble uracil nucleotides was also determined 
with the aid of anion exchange chromatography. The data obtained were 
used to construct the chart shown in Fig. 6. The incorporation of radio- 
activity into RNA is seen to increase and then fall off rapidly at ATP con- 
centrations exceeding about 0.3 umole per ml. ‘The total conversion of 
orotic acid to uracil nucleotides, on the other hand, continues to increase 
up to ATP concentrations of 1.6 uymoles per ml. This increase is accounted 


TABLE III 
Effect of ATP on Incorporation in Glycolytic System 
Each flask contained the following components in 5.0 ml. of incubation mixture: 
15 pmoles of MgClo, 50 umoles of IP, 350,000 c.p.m. of orotic acid (0.50 umole), and 
0.5 gm. equivalent of S. supernatant liquid. Flasks to which HDP was added also 
contained 0.5 umole of DPN (1 * 1074 Mm) and 200 umoles of nicotinamide (0.04 m). 


Additions Total activity 
pmoles per ml. c.p.m. per flask* 
0 9 
0.5 ATP 13 
2.0 20 
10.0 HDP 315 
10.0 “ 05 ATP 305 
156 
10.0 “ 2.0 ADP 125 
10.0 ‘ 2.0 AMP 135 


* Total RNA X specific activity. 


for almost entirely by the increase in radioactivity in the UTP and UDP-X 
fractions. The radioactivity in UMP and UDP* falls off at about the 
same concentrations of ATP as that in RNA, although the fall is not as 
sharp in the latter instance. The result suggests that inhibition by ATP 
is caused by a change in the distribution of radioactivity in uracil nucleo- 
tides which results in a reduction in the amount of a “‘proximal’’ precursor 
(possibly UDP) (4). In addition, the decrease in conversion of orotic acid 
to uracil nucleotides at high ATP concentrations is an important part of 


5 The justification for combining the data on (1) UTP and UDP-X and (2) UMP 
and UDP is as follows: first, the amount of radioactivity in UDP and UDP-X is so 
much less than that in UTP or UMP that to plot these amounts as separate curves in 
this chart would require another scale. Secondly, the changes in the amount of 
radioactivity in UDP with increasing ATP concentrations are similar to the corre- 
sponding changes in UMP. Likewise, the changes in UDP-X follow those in UTP. 
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the effect and is receiving further study. The striking effects of ATP on 
the over-all system are considered to be largely responsible for the effects 
noted when various systems for providing ATP were coupled to the RNA 
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Fic. 6. The effect of ATP on the incorporation of orotic acid-6-C™ into RNA and 
acid-soluble 5’-uracil nucleotides. The initial composition of the incubation mixture 
was as follows, in micromoles per ml.: IP, 8; HDP, 10; DPN, 0.1; nicotinamide, 40; 
MgCl, 3. 0.5 gm. equivalent of S2 fraction from normal rat liver and 350,000 c.p.m. 
(0.50 umole) of orotic acid were used in 5.0 ml. of incubation mixture. The time of 
incubation was 30 minutes. The analyses were carried out in the following manner. 
At the end of the incubation period, the contents of each flask were deproteinized 
with PCA to a final concentration of 0.6N. The acid-insoluble fractions were washed 
twice with 10 volumes of cold 0.5 n PCA and the washings combined with the original 
supernatant liquids. Supernatant liquids and washings from each flask were then 
neutralized with KOH, centrifuged clear, and chromatographed on Dowex 1 (X 10) 
anion exchange columns. The elution was carried out as described elsewhere (11). 
After each fraction was eluted from the column, it was read at 260 my in a Beckman 
model DU spectrophotometer, and aliquots were plated in duplicate (after neutrali- 
zation) for counting of radioactivity. The acid-insoluble fractions were treated 
according to procedures outlined previously and the nucleic acids counted in the 
same manner. 


system. It can be concluded that a maintained regeneration of ATP is 
essential for the system, but that, if the absolute amount of ATP is too 
high, the RNA system is inhibited. 
Intracellular Localization of Component Reactions—It can be seen from 
6 It should be noted that over 95 per cent of the initially added radioactivity (as 


orotic acid) can be accounted for in every instance as orotic acid and 5’-uracil nucleo- 
tides. 
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Fig. 7 that the recombination (a) of the S53, nuclear, and mitochondrial 
fractions or (b) of the microsomal, mitochondrial, and 8; fractions provides 
the most effective system for incorporating orotic acid into RNA. The 
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Fig. 7. Comparison of activity of different combinations of cell fractions. The 
composition of the incubation medium was as follows (in micromoles per ml.): K 
pyruvate, 10; K glutamate, 10; K fumarate, 4; K phosphate, 9; ATP, 0.5; MgCle, 3. 
Each flask also contained 400,000 c.p.m. of orotic acid (0.57 umole) and 0.7 gm. equiva- 
lent of normal rat liver in 7.0 ml. of incubation mixture. The concentration of su- 
crose was 0.2 M. Cell fractions were abbreviated as follows: §;, final supernatant 
fraction from microsomes; S;, supernatant from nuclei; Mit., mitochondria; Mic., 
microsomes; Nuc., nuclei. 

Fic. 8. The effects of varying the concentration of one cell fraction (numerator) 
independently of the other cell fractions (denominator). The composition of the 
incubation medium in the case of variation of the concentration of the S; fraction was 
as follows (in micromoles per ml.): IP, 9; MgCl:,3; HDP, 10; DPN, 0.1; nicotinamide, 
40. In addition, there were 500,000 c.p.m. of orotic acid-6-C™ (0.42 umole) and an 
initial incubation volume of 7.0 ml. In all the other experiments the composition 
of the medium was as follows (in micromoles per ml.): IP, 9; MgCl:, 3; K pyruvate, 
10; K glutamate, 10; K fumarate, 4. In the case of the variation of concentration of 
microsomes, 180,000 c.p.m. of orotic acid (0.15 umole) were added to an initial incuba- 
tion volume of 2.5 ml. In the cases in which the concentration of mitochondria and 
nuclei were varied (lower chart), 350,000 c.p.m. of orotic acid (0.29 umole) were added 
to an initial incubation volume of 5.0 ml. The incubation time was 25 minutes. 
Livers from normal rats were used. Abbreviations as in Fig. 7. 
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recombined §, fraction (microsomes, mitochondria, and 83) appears to be 
more active than the original S; which had remained in ice during the 
greater part of the fractionation procedure. 

Since the combination of mitochondria, microsomes, and nuclei (not 
shown here), or of mitochondria and nuclei (Fig. 7; Table Il), givesno 
incorporation, it can be concluded that the presence of the 8S; fraction is 
necessary if incorporation is to occur at all. This is an expected result 
because there is evidence to indicate that 5’-uracil nucleotides are inter- 
mediates in the incorporation in vivo (2) and that enzymes for converting 
orotic acid to uracil nucleotides are localized in the $8; fraction of rat liver 
(9). It can also be concluded that mitochondria, by themselves, have no 
activity. 

In an attempt to determine which cell fraction or fractions possess rate. 
limiting enzyme systems for the incorporation, a series of experiments was 
carried out in which the concentration of each cell fraction was varied 
independently of the other cell fractions. Each number along the abscissa 
in Fig. 8 represents the ratio of the amount of the varied cell fraction to the 
amount of the cell fraction held constant. Each curve in the chart is | 
labeled to indicate that the concentration of the cell fraction in the numera- , 
tor is varied while that in the denominator is held constant. The concen- ) 
tration of the cell fractions in the denominator is 1 gm. equivalent per 10 
ml. of incubation mixture. 

The two curves in the upper chart of Fig. 8 show that, in the glycolytic 
and the oxidative systems, the increasing concentration of the energy- 
supplying fractions leads to increased incorporation of radioactivity into 
RNA only until these fractions are added in the proportion present in the 
cell. In contrast is the result shown in the lower chart. As the concen- 
tration of the microsome fraction is increased, the total incorporation in- 
creases in almost linear fashion. The nuclear fraction appears to behave 
somewhat in the same manner, but the relation falls short of linearity. 
In the oxidative system the microsomes evidently possess rate-limiting 


we — 


enzymes. This may also be the case with nuclei, although the situation " 
is complicated here because nuclei contain powerful degradative enzymes ‘ 
for dephosphorylating nucleotides (11). P 

DISCUSSION 
The studies of the enzyme distribution in the isolated cell fractions ‘ 
indicate that independent nuclear and cytoplasmic RNA-synthesizing t 


systems exist in these fractions. It would appear, from the relatively 
small effect of the nuclear fraction on the incorporation into the RNA of 
the cytoplasmic fraction (Fig. 3), that the cytoplasmic synthesis can pro- 
ceed independently of nuclear RNA synthesis although it is possible that 
nuclear enzymes contaminate the cytoplasmic fractions. ‘The question of : 
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the localization and importance of the RNA-synthesizing systems within 
the intact cell, and the question of possible transport of RNA from the 
nucleus to the cytoplasm, cannot be answered by these experiments. 

The studies described present evidence that 5’-nucleotides, possibly 
diphosphates, are incorporated into RNA in diester linkage but no demon- 
stration of RNA synthesis de novo has been made. Future research is 
directed towards determining the factors that limit the incorporation of 
label into RNA and the net synthesis of RNA in the cell-free systems. 

The observation that microsomes catalyze rate-limiting steps in the 
incorporation of orotic acid into RNA is of considerable interest, in view of 
the recent finding that microsomes play a key role in the incorporation of 
labeled amino acids into proteins (17). That a relationship exists between 
the turnover of RNA and proteins is suggested by the fact that the two 
processes require similar reaction systems and energy sources. 


SUMMARY 


Rat liver homogenates converted orotic acid-6-C™ into acid-soluble 
5’-uracil nucleotides and into ribonucleic acid in suitably fortified systems 
that were capable of maintaining adenosine triphosphate. The radio- 
activity in the ribonucleic acid was shown to be in typical nucleic acid 
linkages and could be recovered as the 2’,3’-uridine monophosphates 
following alkaline hydrolysis. Isotope dilution experiments suggested 
that 5’-uridine phosphate but not 2’,3’-uridine phosphate was an inter- 
mediate in the incorporation of orotic acid-6-C™ into ribonucleic acid. 

Relatively small increases in the concentration of adenosine triphosphate 
in the system inhibited both the labeling of ribonucleic acid and the con- 
version of orotic acid to uridine nucleotides. Adenosine triphosphate was 
necessary to maintain the system, but the optimal results were obtained 
with low levels of adenosine triphosphate, continuously generated. 

Studies with cytoplasmic cell fractions showed that labeled ribonucleic 
acid was formed in proportion to the level of the microsome fraction added. 
The soluble enzymes were required for all combinations, presumably to 
convert orotic acid to the uracil nucleotides. Mitochondria were unneces- 
sary except when adenosine triphosphate was oxidatively regenerated. 

When whole homogenates were employed, the incorporation of radio- 
activity into both nuclear and cytoplasmic ribonucleic acids occurred, and 
it was more rapid and reached a plateau sooner in the nuclear fraction 
than in the cytoplasmic fraction. 


BIBLIOGRAPHY 


1. Schmitz, H., Hurlbert, R. B., and Potter, V. R., /. Biol. Chem., 209, 41 (1954). 
2. Hurlbert, R. B., and Potter, V. R., J. Biol. Chem., 209, 1 (1954). 
3. Brumm, A. F., Potter, V. R., and Siekevitz, P., J. Biol. Chem., 220, 713 (1956). 


| 


674 NUCLEOTIDE METABOLISM. VII 


4. Grunberg-Manago, M., Ortiz, P. J., and Ochoa, 8S., Science, 122, 907 (1955). 
5. Friedkin, M., and Lehninger, A. L., J. Biol. Chem., 177, 775 (1949). 
6. Goldwasser, L., J. Biol. Chem., 202, 751 (1953). 
7. Goldwasser, E., J. Am. Chem. Soc., T7, 6083 (1955). 
8. Potter, V. R., Hecht, L. I., and Herbert, E., Biochim. et biophys. acta, 20, 439 
(1956). 
9. Hurlbert, R. B., and Reichard, P., Acta chem. Scand., 9, 251 (1955). 
10. Lieberman, I., Kornberg, A., and Simms, E. 8., /. Biol. Chem., 215, 403 (1955). 
11. Herbert, k., Potter, V. R., and Takagi, Y., /. Biol. Chem., 213, 923 (1955). 
12. Hurlbert, R. B., Schmitz, H., Brumm, A. F., and Potter, V. R., J. Biol. Chem., 
209, 23 (1954). 
13. Mejbaum, W. Z., Z. physiol. Chem., 258, 117 (1939). 
14. Dische, Z., Mikrochemie, 8, 4 (1930). 
15. Heidelberger, C., and Hurlbert, R. B., J. Am. Chem. Soc., 72, 4704 (1950). 
16. Hurlbert, R. B., and Potter, V. R., J. Biol. Chem., 196, 257 (1952). 
17. Zamecnik, P. C., and Keller, E. B., J. Biol. Chem., 209, 337 (1954). 


I 
t 


‘ 
‘ 
é 
: 
i 
} 


ENZYMIC CATALYSIS OF THE KETO-ENOL TAUTOMERIZA- 
TION OF PHENYLPYRUVIC ACIDS* 


By W. EUGENE KNOX anp BURNETT M. PITT 


(From the Cancer Research Institute, New England Deaconess Hospital, and 
the Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, August 2, 1956) 


The present paper describes a new enzyme from animal tissues which 
catalyzes the keto-enol tautomerization of the phenylpyruvic acids. Pre- 
liminary accounts of this tautomerase have been published (1, 2). The 
enzyme has not yet proved to be essential in any biological reaction, but 
a physiological role may be expected since specific tautomers of a-keto 
acids are substrates or products in some reactions (3-6), and since the 
spontaneous tautomerization of the phenylpyruvic acids is slow. The 
spontaneous reaction, from freshly dissolved aqueous solutions of the crys- 
talline acid (enol) to equilibrated solutions (largely keto), has been studied 
by following the increased solubility, decreased ultraviolet absorption, 
and increased reaction with phenylhydrazine which occur in parallel with 
the tautomerization to the keto form (7-10). 

A new assay was developed to follow the enzymic reaction which de- 
pended upon the formation of a complex between boric acid and the enol 
tautomer, and which could be followed spectrophotometrically. Com- 
plexes of boric acid with a-hydroxy and a-keto acids were studied by Bée- 
seken and Felix (11), but the formation of an enol-borate complex was 
not recognized in these earlier studies. In aqueous solutions without boric 
acid 96 per cent of the equilibrium mixture was the keto tautomer (I). 
The boric acid reacted with the enol tautomer (II) to form an enol-borate 
(III) with its own ultraviolet absorption. The displacement of the ap- 
parent equilibrium of the tautomerization with boric acid permitted the 
rate of tautomerization to be followed in the keto to enol as well as in the 
enol to keto direction. Since boric acid also suppressed the rate of spon- 
taneous tautomerization, the reaction in this medium provided a con- 
venient and precise enzyme assay (see the accompanying reactions). 


* This investigation was supported by Grant A567 from the National Institute of 
Arthritis and Metabolic Diseases, United States Public Health Service, and by the 
United States Atomic Energy Commission contract No. AT(30-1)-901 with the New 
England Deaconess Hospital. Preliminary investigations (1952) were supported by 
the United States Atomic Energy Commission contract No. At (30-1)-1093 under the 
direction of Dr. William H. Sweet, Massachusetts General Hospital. 
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9) R-CH,-C - COOH RCH = C-COOH 
(7) 2 (7) 
(-) 
R-C=C—C=0 
As, 0 
b)2R-CH=C-COOH +H;BO, \ 7 oad 
baad A +3H,0 
RG=C—C=0 
(27) 
EXPERIMENTAL 


Spectroscopically pure p-hydroxyphenylpyruvic acid (pHPP), free from 
a strongly absorbing impurity identified as p-hydroxybenzaldehyde,' was 
obtained from Homburg Chemiewerk, Frankfort-on-the-Main, or pre- 
pared by the general method used for the other phenylpyruvates (12). 
2 ,5-Dihydroxyphenylpyruvic acid was prepared by a different procedure 
(13). 


Enzyme Assay 

The reactions and optical measurements were carried out in 1 cm. quartz 
cuvettes in a Beckman spectrophotometer, maintained at 25° + 1° by 
thermal spacers. The standard reaction mixture consisted of 2.8 ml. of 
a solution containing 0.5 m boric acid and 0.2 m sodium phosphate, pH 
6.2, to which were added 0.2 ml. of 0.005 m pHPP dissolved in 0.05  ace- 
tate, pH 6.0, water, and enzyme to a final volume of 3.3 ml. The pHPP 
solution was used for reactions of the enol tautomer of pHPP immediately 
after preparation and after the 2nd to the 30th day at 5° for reactions of 
the keto tautomer of pHPP. 

Optical densities of the reaction mixtures were read against blanks con- 
taining all components except pHPP, at 330 my for the reaction of the 
keto form, and at 336 my (to avoid extremely high optical densities) for 
the reaction of the enol form. Readings were continued until equilibrium 
was reached, indicated by an unchanged optical density over a period of 
several minutes. Exactly similar measurements were made of the spon- 
taneous reaction occurring in the same solutions without enzyme. The 
rate constants were determined from the slope of log (EF; — EF.) versus t, 
where £ is the optical density at times ¢ and at equilibrium (=<), with 
the use of semilog paper. The values used are 0.434 (ky; + ke) in Equa- 
tion 1. The activity of the enzyme (k.) was determined from the rate 
constant for its reaction mixture (/,) minus that of the spontaneous reaction 
without enzyme (k,). 


1 W. Troll, unpublished observations. 
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The changes in optical density during the tautomerization of the keto 
forms of pHPP and of phenylpyruvate, occurring spontaneously and cata- 
lyzed by a crude soluble extract of guinea pig liver, are shown in Fig. 1. 
Also illustrated is the degradation of pHPP which occurred in crude liver 
extracts, presumably by pHPP oxidase (14), thus making it necessary to 
approximate the equilibrium value in such reactions. Phenylpyruvate 
was not changed in this way, nor was either of the compounds changed by 
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Fic. 1. Optical density changes occurring during the incubation of keto pHPP 
(330 mu), in boric acid-phosphate alone (Curve 1, broken line) and with soluble 
guinea pig liver extract (equivalent to 0.06 gm. of liver) (Curve 2, broken line), and 
of keto phenylpyruvate (315 mu) under the same conditions, alone (Curve 1, solid 
line) and with the liver extract (Curve 2, solid line). 


kidney extracts, which have much less pHPP oxidase activity. Purifica- 
tion of the liver enzyme removed the pHPP-degrading reaction. 


Reactions in Boric Acid 


Identity of Species of Compounds—The absorption spectrum of the ‘‘keto”’ 
solution of pHPP (Fig. 2) differed from the absorption curve of tyrosine 
only by the presence of a shoulder at 300 to 321 my. The more intense 
absorption curve of the enol form of pHPP was obtained by rapid scanning 
of the freshly made solution in a Cary recording spectrophotometer and 
the values were extrapolated to zero time to eliminate the effect of the 
spontaneous tautomerization. On addition of boric acid to the keto form 
the curve was not immediately altered, but the absorption at 308 my in- 
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creased slowly with time (Curve A) until an equilibrium value was reached 
(Curve B). The component formed in boric acid and absorbing at 308 ‘ 
muy was the enol-borate complex. This was obtainable in pure form imme. | 
diately after solution of the crystalline (enol) compound in boric acid soly- ‘ 
tion. The curve of the enol-borate complex was shifted to longer wave 
lengths, but was otherwise similar to the curve of the enol form of pHPP h 
t 
WY 
0 
b 
c 
--- ENOL \ 
ENOL BORATE 
—— KETO +BORIC ACID, 24 HRS 
KETO 
220 240 260 280 300 320 340 
my 
Fic. 2. Absorption spectra of p-hydroxyphenylpyruvate solutions (e€ = optical 
density of 1 mM solution, 1 em. in depth). Enol, spectrum of crystalline acid in 0.05 m 
acetate, pH 6.0, determined on a Cary recording spectrophotometer within 5 min- 
utes after solution and corrected to zero time. Enol-borate, same as enol, dissolved n 
in 0.43 m borie acid, 0.17 m phosphate, pH 6.4. Keto, acetate solution equilibrated | , 
for at least 24 hours. Tautomerized solutions in boric acid-phosphate: keto solution 
96 minutes after addition of boric acid (Curve A); keto (or enol) solution at equi- 
librium, 24 hours or more after the addition of boric acid (Curve B). U 
e 
in the absence of boric acid. Similar absorption curves were obtained for a 
the enol and enol-borate of phenylpyruvate (maxima at 284 and 298 my, U 
respectively). The absorption curves of model compounds with the same [ 
unsaturated structures, a-acetoxycinnamic acid and p-hydroxy-a-acetyl- c 
aminocinnamic acid, were very similar to those of the enols of phenylpyru- ( 
vate and pHPP, respectively. Additional confirmation of the identities 
of the enol, the keto, and the enol-borate species was provided by their 0 
measurement at 334 my in 0.02 n HCl, as used by Biicher and Kirberger M 


(10), and by the determination of the keto compound with 2,4-dinitro- 
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phenylhydrazine (15), a reaction not given by either the enol (9) or the 
enol-borate species. The interconversion of the tautomers under appro- 
priate conditions was demonstrated by this chemical reaction in parallel 
with the spectrophotometric changes. 

The small amount of the enol form of pHPP existing in the equilibrated 
keto solution (Fig. 2) can be estimated either from the extinction at 308 
mu (€keto = 500, €enoi = 13,000), with the assumption that the pure keto 
pHPP, like tyrosine, does not absorb at this wave length, or from the imme- 
diate small decrease in absorption at 276 my when boric acid is added to 
the equilibrated keto solution. These measurements confirmed the esti- 


TABLE I 


Effect of Boric Acid Concentration on Enzyme-Catalyzed pHPP-Borate 
Complex Equilibrium 


The reactions were run to completion in 0.17 Mm phosphate, pH 6.55, with 0.075 ml. 
of enzyme. The equilibrium constants for reaction (6) were calculated for enol- 
borate complexes of 3 (FE B:), 1 (EB), and 2 (£:B) molecules of enol pHPP per mole- 
cule of borie acid. 


aay. | Equilibrium constants calculated for complexes 
at | EB | EB | E2B X 10-6 
. | | 

0.085 0.820 890.0 | 76.0 4.0 
0.17 | 1.33 430.0 | 73.0 4.5 
0.30 1.65 198.0 | 59.0 4.2 
0.43 1.96 133.0 | 56.5 4.6 
0.64 2.20 | 75.4 | 48.0 4.4 
0.85 | 2.40 | 52.0 | 44.2 4.6 


mate made on kinetic grounds that about 4 per cent of the enol form of 
pHPP was present at equilibrium in the range pH 4 to 7 (10). 

Equilibrium in Boric Acid—The relation between the equilibrium amount 
of enol-borate and the boric acid concentration agreed closely with that 
expected for the reaction of 1 molecule of boric acid with 2 enol molecules 
as formulated in reaction (b). With [enol]/[keto] = 0.04/0.96 as meas- 
ured in water solutions, the equilibrium constant for reaction (b), K = 
[(enol).borate]/[enol]?[borate], fits the observed values better than did the 
calculations based on the reaction of 3 or 1 enol per molecule of boric acid 
(Table I). 

The extinction coefficient of the enol-borate, measured in fresh solutions 
of crystalline pHPP, and the equilibrium concentration of the enol-borate 
were not significantly changed over the range pH 5.0 to 7.0. At pH 8.1 
the equilibrium concentration was about 25 per cent less than that at the 
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lower pH. The constancy of these values in the pH range used, plus the 
large equilibrium constant which indicated that virtually all the enol form 
of pHPP reacted with boric acid, permitted the ultraviolet absorption at 
equilibrium to be used to determine pHPP quantitatively. In the pres. 
ence of excess boric acid and in this pH range the equilibrium absorption 
was directly proportional to the concentration of pHPP. 
Kinetics—Biicher and Kirberger (10) demonstrated that the spontane- 
ous tautomerization of the enol form of pHPP followed reversible first 
order kinetics, increasing in rate with increase in pH. The rate constant 
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Fig. 3. Comparison of the reaction rates of pHPP starting with the keto tautomer 
(K — E) and with the enol tautomer ( FE — K) for both enzyme-catalyzed and spon- 
taneous reactions. Changes in optical density (FE, — E,) are plotted. 


ly) + ke for reaction (a) was obtained by the relation 


E;) 
(FE, — E,) 


(1) (ky + ke)t = In 


We have confirmed this relationship and shown that it also holds for the li 
spontaneous tautomerism of pHPP in either direction in boric acid solu- t 
tion and for the enzyme-catalyzed tautomerization with or without boric F 
acid. p 

The applicability of boric acid in rate studies of tautomerization re- 
quired that the formation and hydrolysis of the enol-borate were not rate- t 
limiting. The formation of the enol-borate was rapid, since only its spec- s 
trum was seen immediately after solution of the crystalline enol form of s 
pPHPP in boric acid (within 5 minutes). Direct evidence that these reac- ti 
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tions were not limiting, 7.e. (A3 + hs) > (ki + ke), was obtained by com- 
parison of the tautomerizations starting with either the enol form of pHPP 
or with the keto form of pHPP, in which enol-borate hydrolysis and forma- 
tion, respectively, were the major secondary reactions. The rate constants 
in both directions were the same within experimental error for the spon- 
taneous reactions and for the 25-fold greater rates of the enzyme-catalyzed 
reactions (Fig. 3). No limitation by the formation or hydrolysis of the 
enol-borate was detected in the most rapid tautomerizations studied with 
half times of the order of 0.75 minute. 


TABLE II 
Distribution of Tautomerase in Tissues 
Tissue | ke per ml.® 

“erythrocytes, washedt....... | 0.21 


enates. The ranges of values represent measurements made on several animals. 
+ The activity is given per ml. of whole blood. 
t Undiluted. 


Preparation of Tautomerase 


Tautomerase activity was first detected incidentally by the dramatic 
increase in optical density when the keto form of pHPP was incubated with 
liver extracts in a borate buffer. Evidence that this activity was referable 
to a particular enzyme protein was obtained from its distribution, its heat 
lability, and its association with a particular protein fraction during partial 
purification. 

The distribution in various tissues of the activity demonstrated that 
this was not a non-specific property of proteins in general (Table II). Be- 
sides the several animal tissues, activity was found in crude extracts of 
species of Pseudomonas and Neurospora, but not of Aerobacter. The ac- 
tivity of liver extracts persisted after dialysis, but was destroyed by heat. 


* The activity is given for the supernatant fraction of 33 per cent tissue homog- 
XUM 
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The per cent original activity left after 5 minutes treatment at the following 
temperatures was as follows: 56°, 100 per cent; 65°, 82 per cent; 80°, 23 per 
cent; 100°, 0 per cent. 

Purification was undertaken to increase the specific activity and thus 
provide evidence that a particular protein was responsible for the activity, 
In the course of this fractionation functional separation of the tautomerase 
from tyrosine transaminase, pHPP and homogentisate oxidases, and catalase 
was also achieved. Similar methods of purification were applicable to 
both pig liver (1) and pig kidney. The absence of side reactions in crude 
extracts of kidney made it the preferable starting material. The soluble 
extract of a 33 per cent homogenate in 0.15 m KCI of fresh kidney, or of 
an acetone powder, was treated successively by heat, two precipitations 


TABLE III 
Fractionation of Keto-Enol Tautomerase from 33 Per Cent Homogenate of Pig Kidney 
ml. meg. per cent 
ee ree 1650 | 64 0.525 | 865 | 100 0.0082 
ee 1280 | 37 0.560 | 717 83 0.015 
Ist (NH,)2SO, ppt., 40-65%......... 188 | 49.3 | 3.0 564 65 0.061 
2nd - 40-50%......... 50 | 46.5 | 5.54 277 32 0.12 
Alcohol ome 56 | 27.2 | 2.34 131 15 0.086 
. 60 | 3.74) 1.4 84 9.7 | 0.37 


* The figures are in k, per ml. X volume. 


between the limits of 40 and 65 per cent saturation with ammonium sul- 
fate, and, after dialysis against 0.03 m sodium acetate, by alcohol frac- 
tionation at 0°. The results of such a fractionation are given in Table 
III. The best fraction contained about 10 per cent of the original activity, 
with a 45-fold increase in the specific activity per mg. of protein. The 
purified fractions have been stored in the frozen state at —10° for over a 
year without loss of activity, despite periodic thawing and refreezing. 


Enzyme-Catalyzed Tautomerization 


Effect of Enzyme Concentration—The rate of tautomerization was a linear 
function of the enzyme concentration, as shown in Table IV by the con- 
stant k, per ml. determined with several different enzyme concentrations. 
The half time and final optical density at equilibrium for each reaction are 
also given in Table IV to demonstrate the rapidity of the reaction. The 
attainment of equilibrium, representing an optical density increase of 1.6, 
was completed in 5 minutes with 0.2 ml. of enzyme. 

Effect of pH—The spontaneous reaction rate was inversely proportional 
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to the hydrogen ion concentration over the pH range examined, as shown 
by the straight line relationship of k, versus pH on the semilog plot in Fig. 4. 
The much more rapid reaction catalyzed by 0.075 ml. of a purified enzyme 
preparation (k., Fig. 4) was unaffected by the hydrogen ion concentration. 


TABLE IV 
Effect of Tautomerase Concentration on Reaction Rate 
Enzyme ke observed _| Eau'librium density | Reaction half time |e per ml. 
ml min. 
0.05 0.106 1.75 2.84 2.12 
0.10 0.219 1.75 1.37 2.19 
0.15 0.326 1.65 0.92 2.18 
0.20 0.431 1.70 0.70 2.16 
4.0r 
4 
2.0F 
1.0 A 


REACTION RATE 


— ENZYME CATALYZED REACTION 


Ke / ML ENZYME 
--- SPONTANEOUS REACTION 
Ky X 100 
O60 65 70 75 80 65 
pH 


_ Fie. 4. Effect of pH on spontaneous and enzyme-catalyzed tautomerization of 
pHPP in borie acid-phosphate solutions. 


The tautomerization therefore is base-catalyzed in the absence of the en- 
zyme, while the enzyme exercises a nearly maximal effect over the pH 
range studied without exhibiting a real pH optimum. The reactions were 
usually carried out at pH 6.2 because of the large differential at this pH 
between the spontaneous and enzyme-catalyzed reaction rates and be- 
cause of the greater stability of pHPP in weakly acidic solutions. 
Activation and Inhibition of Reaction—The most significant effects of 
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added compounds on the enzyme activity were observed with sulfhydryl. 
reactive compounds (Table V). The reversal with cysteine of the p-chloro- 
mercuribenzoate and mercuric ion inhibitions suggested that a sulfhydry] 
group on the enzyme was required for its activity. Certain other gyb. 
stances had minor effects on the rate of the spontaneous or enzyme-cata- 
lyzed reactions. The metal salts, Fe+*+*+ and Cut+, were less effective 


TABLE V 
Effect of Various Substances on Tautomerase Activity 
Compound added Concentration 
X 108 
Dipyridyl......... 1.5 95 
3.0 75 
NaCN.. 1.0 144* 
Versene. 3.0 106 
Mercuric acetate. 0.015 75 
cysteine (3 X 10-3 0.03 577 
ICH,COOH.. 30.0 20 
p- Chioromereuribensoate . 0.04 59 
4 eysteine x 10-3 0.04 
Maleic acid.. 100.0 48 
Cysteine..... . 3.0 107} 
a-Acetoxycinnamic acid. . 2.0 61 


* Determination of activity was complicated by a simultaneous reaction of the 
substrate with cyanide. 

Tt Inhibitor added to enzyme 3 minutes before cysteine. 

t Enzyme incubated with 0.05 m cysteine for 30 minutes, then diluted for assay. 


accelerators in the boric acid assay than has been reported (10). The en- 
zyme activity was not significantly altered by reagents forming metal com- 
plexes, such as a,a’-dipyridyl or Versene. The effect of other compounds, 
similar in structure to the substrates, is discussed below. 

The rates of the spontaneous and enzyme-catalyzed reactions of pHPP 
and phenylpyruvate were both similarly affected by the nature of the buf- 
fer salts employed. Acetate, glycine, phosphate, and arsenate, in that or- 
der, increased the spontaneous rate of tautomerization when present in 
0.17 mM concentration. Arsenate, which had the greatest effect, produced 
a 20-fold increase in the rate over that in boric acid alone. The rate could 
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be increased further by raising the arsenate concentration (Table VI). In 
certain analytical procedures depending upon tautomerization, high arse- 
nate concentrations can therefore be substituted for the tautomerase. The 
slight acceleration of the tautomerization by guinea pig urine, observed by 
Painter and Zilva and used by them to insure equilibration to the keto 
form (9), was not observed in the boric acid assay. This effect has been 


TABLE VI 
Effect of Arsenate on Rate of Spontaneous Tautomerization of pHPP 
Arsenate (pH 6.5) Borate | ko 
0.17 : 0.43 | 0.021 
0.35 0.43 | 0.057 
0.53 0.43 | 0.104 
0.70 | 0.43 | 0.152 
1.7 0.85 | 0.393 
TaBLeE VII 
Reactivity of Arylpyruvates with Tautomerase 
Substrate | Assayed at ko ke | * 
Phenylpyruvate............ 315 | 0.020 3.20 160 
p-Hydroxyphenylpyruvate................. 007 2.62 370 
310 | 0.023 1.04 45 
p-Methoxyphenylpyruvate........ 0.010 0.50 50 
| 340 (0.036 0.26 7 


attributed to catalysis by polyvalent cations (10), but it could also be ex- 
plained by catalysis of the spontaneous reaction by the salts in the urine. 

The rate of the enzyme-catalyzed reaction was not increased by addition 
of the above salts, but was usually somewhat slowed. Glycine and phos- 
phate inhibited little or none. Acetate had the greatest effect by slowing 
the enzyme-catalyzed reaction to about half. 

Specificity of Reaction—The study of enol-keto tautomerization of a-keto 
acids by the present method is limited to those compounds forming enol- 
borate complexes with identifiable absorption spectra. The spontaneous 
and enzyme-catalyzed reactions of such a series of phenylpyruvic acids are 
given in Table VII. The enzyme showed some degree of specificity, man- 
ifested by the different relative rates of reaction of the compounds. The 
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catalyzed reaction rates were different from the relative rates of the spon- 
taneous tautomerization of the same compounds. 2,5-Dihydroxyphenyl- 
pyruvate, for example, was tautomerized least rapidly with the enzyme and 
most rapidly without the enzyme. In addition to the reactions shown in 
Table VII, the enzyme had only a very weak action on imidazole-4-pyruyijc 
acid, formed directly in the reaction mixture by oxidation of L-histidine 
with ophio-L-amino acid oxidase, and the enzyme had no action on indole- 
pyruvic acid. 

Other compounds, including imidazoleacetol, pyruvate, a-ketoglutarate, 
and oxalacetate, were tested without clear-cut results. The first two com- 
pounds underwent no detectable spectral changes with boric acid. The 
new absorption spectra formed in boric acid with the last two compounds 
could not be attributed with certainty to tautomerization. 

Oxalacetate showed no significant change with keto-enol tautomerase in 
the rate of formation or disappearance of the new maximum at 270 my in 
the presence of boric acid, nor did the enzyme affect the rate of formation 
of the aluminum complex, which has its maximal absorption at the same 
wave length and which is thought to be the enol oxalacetate-aluminum 
complex (16). Support for the view that the enol was formed with boric 
acid (and with aluminum) and that the enzyme did not affect the rate of 
these reactions was provided by analogy with the reactions of pHPP. The 
spectrum of the pHPP-aluminum complex was virtually identical with that 
of enol pHPP-borate complex. The tautomerase catalyzed the formation 
of this pHPP-aluminum complex from keto pHPP. 

a-Ketoglutarate in boric acid increased its absorption at 260 my follow- 
ing reversible first order reaction kinetics at 50 times the rate observed 
with pHPP, but the rate was not affected by tautomerase. The inhibition 
by a-ketoglutarate of the tautomerization of pHPP by the enzyme (Table 
V) suggested that a-ketoglutarate in some form did react with the enzyme. 
This inhibition was proportional to the log of a-ketoglutarate concentra- 
tion and appeared to be competitive in nature. a-Acetoxyphenylpyruvic 
acid and cinnamic acid also inhibited the enzyme, perhaps because of struc- 
tural similarity to the substrates. 

The possibility was considered that the spontaneous and the enzyme- 
catalyzed tautomerizations might produce enols of different configurations 
which would be reflected in the absorption spectra of the enol-borates. 
Cis and trans enol forms of ethyl phenylpyruvate, separable on the basis 
of physical properties, have been reported (17). Careful comparisons of 
the spectra resulting from the spontaneous and the enzyme-catalyzed tau- 
tomerizations of keto pHPP and of keto phenylpyruvate showed no differ- 
ences in extinction coefficients or in wave length of the absorptions of the 
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enol-borates produced. Additional experiments on a-keto acids with 
asymmetric 6-carbon atoms will be necessary to determine the configu- 
rational specificity of this reaction. 


DISCUSSION 


The present demonstration of a specific enzymic catalysis of enol-keto 
tautomerism is the first such enzymic reaction to be reported. The phys- 
iological role of this enzyme remains to be demonstrated, but it may be 
based on the quite different chemical reactivities of the enol and keto tau- 
tomers. It has not yet been determined which tautomer is involved in the 
oxidation of pHPP to homogentisate with pHPP oxidase or in the trans- 
amination of pHPP to tyrosine by the specific transaminase, but these 
reactions are not sensitive to the addition of boric acid (unpublished obser- 
vations). "The metabolic reactions of phenylpyruvate have not been stud- 
ied in this regard. The availability of the keto-enol tautomerase may 
serve further to elucidate the mechanisms of reactions in which its sub- 
strates are involved. 

Certain reactions of other a-keto acids are believed to involve either the 
keto or the enol form. The carboxylation of phosphoenolpyruvate pro- 
duced the keto tautomer of oxalacetate (3), and the oxidation of the ster- 
eoisomers of isoleucine or phenylserine by amino acid oxidases occurred 
with retention of the B-carbon configuration, presumably by production of 
the keto tautomer (4, 5). The keto tautomer reacted in the metal-cata- 
lyzed decarboxylation of dimethyloxalacetate and yielded the enol of a- 
ketoisovalerate (6). 

Immediate applications of the present findings lie largely in the analyt- 
ical assay of the phenylpyruvic acids and in the control or identification of 
a particular tautomeric species undergoing reaction. The conversion of 
the keto acid to the strongly absorbing enol-borate by addition of excess 
boric acid in the presence of the tautomerase or of arsenate provides a 
rapid, specific, and sensitive test for these acids. Aluminum salts can be 
substituted for boric acid under some conditions. With limiting amounts 
of tautomerase the particular tautomer reacting or being formed can be 
identified directly. 

Enol-borate complexes of a-keto acids have not previously been reported 
and were, in fact, specifically excluded (11) as a possible structure of the 
complexes between boric acid and a-keto acids which gave rise to increased 
conductance. Certain a-keto acids without 6-hydrogens, and therefore 
unable to enolize, reacted in some other way with boric acid, but with only 
small increases in conductance. <A restudy of the conductance experi-— 
ments on a-keto acids would appear to be indicated, especially if done in 
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conjunction with spectrophotometric studies which have already given a 
reasonably exact definition of the enol-borate complex and the kineties of 
its formation. 


SUMMARY 


An enzyme of a new type which catalyzed the keto-enol tautomerization 
of certain phenylpyruvates has been found in various tissues. The distri- 
bution, properties, and partial purification of the tautomerase from hog 
kidney are described. 

A new spectrophotometric assay for the phenylpyruvates was developed. 
This method depended on the formation of a strongly absorbing enol-bo- 
rate complex with apparent displacement of the usual keto-enol equilib- 
rium. The rate of formation or hydrclysis of the complex depended on 
the rate of tautomerization of the substrate. The kinetics of this system 
have been evaluated for both the enzymic and the spontaneous reactions, 
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Isolation of homogeneous ribonucleic acid remains one of the missing 
factors necessary for the biochemical understanding of ribonucleic acid, 
in spite of decades of study of the nucleic acids of Saccharomyces cerevisiae 
and of pancreatic ribonucleic acid. 

Intracellular heterogeneity of ribonucleic acid in metabolic functions 
has been demonstrated by many investigators (1, 2). Bourdet and Man- 
del (3) showed that autolysis, if permitted to proceed at 50° for 10 min- 
utes, destroyed 93 per cent of the nucleic acids originally present, which 
indicates that the heterogeneity of ribonucleic acids even in the most care- 
fully fractionated samples, as described by Ghuysen and Desreux (4) and 
by Mallette and Lamanna (5), could be due to enzymic degradation in 
the process of isolation. 

In studies to be reported in this paper, enzymically undegraded ribo- 
nucleic acid was isolated from yeast and pancreas by a modified sodium 
dodecyl sulfate procedure (6). By this technique, ribonuclease was de- 
stroyed completely at the first step in the extraction before the liberation 
of ribonucleic acid; thus the isolation was carried out in the absence of 
ribonuclease activity. 


EXPERIMENTAL 
Materials and Methods 


Preparation of Samples—Y east ribonucleic acid was prepared by a modi- 
fied sodium dodecyl] sulfate treatment (6) in which 500 gm. of fresh bakers’ 
yeast cells were added to a 1 liter beaker containing 500 ml. of 0.5 per cent 
sodium dodecy] sulfate at pH 7.4. The entire contents were stirred rapidly 
during boiling for 3 minutes and immediately thereafter were poured into 
a beaker which had been immersed in a dry ice-Cellosolve mixture; rapid 
stirring was continued so that the temperature within the mixture dropped 
from boiling to approximately 4° in 3 minutes. The frozen mass was then 
permitted to thaw in 10 minutes and was centrifuged at 5° for 40 minutes 
at 2500 r.p.m. Crude ribonucleic acid was precipitated by adding the 
supernatant fluid to 2 volumes of cold absolute ethyl alcohol. The treat- 
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ment was then repeated, and the purified nucleic acid (sample (No. 2H. 
2A1.MS.D.L.)) was obtained exactly as described by Kay and Dounce (7), 

Calf pancreas ribonucleic acid was prepared by the same procedure as 
that used for yeast. 2 pounds of fresh pancreas were placed over dry ice 
as soon as they were removed from the animals at the slaughterhouse, and 
were minced in a meat grinder with dry ice in the laboratory within half 
an hour. 

1 gm. of the yeast nucleic acid and 1 gm. of the pancreatic nucleic acid | 
were dissolved separately in phosphate buffer, pH 7.0, ionic strength 0.15, 
and subjected to electrophoresis convection for a period of 48 hours at 
0°, 40 volts per cm. The upper layer of solution (60 ml.) then was 
pipetted out, dialyzed against distilled water for 24 hours at 0°, and ly- 
ophilized to give Fractions Y; and P, from yeast and pancreas, respectively, 
The lower layer of solution (100 ml.) was resubmitted to electrophoresis 
convection under the same conditions for the same period of time, dialyzed, 
and lyophilized to give Fractions Ye, Y3, Pe, and P3.? 

Sedimentation in Ultracentrifuge—10 mg. of sodium ribonucleate were 
dissolved in 1 ml. of 0.2 m phosphate buffer, pH 6.9, ionic strength 0.16. 
For the determination of the sedimentation constants, photographs were 
taken at 16 minute intervals after the maximal speed of 50,750 r.p.m. was 
reached. The mean force was approximately 255,000 X g, and the rotor 
temperature was between 19—21° during the runs. 

Enzymic hydrolysis was carried out by mixing 0.5 ml. of 0.2 m phosphate 
buffer, pH 7.2, containing 10 mg. of ribonucleic acid, and 0.25 ml. of a 
solution of 2 mg. of ribonuclease in 0.2 m phosphate buffer, pH 7.2. The 
mixture was incubated at 37° for 48 hours. 10 yl. of chloroform were 
used as a bacteriostatic agent. 

The mononucleotide composition was obtained chromatographically 
from 24 hour alkaline hydrolysates. 

Chromatograms were developed by the descending technique in two 
dimensions, after an equilibrium period of 2 hours in the solvent vapor. 
The solvent systems were (1) isobutyric acid-NH;-H.2O (66:1:33) buffered 
to pH 3.6 (8) and (2) isopropyl] alcohol-acetic acid-H2O (6:3:1) (9). Per- 
manent records of the chromatograms were obtained by the photographic 
technique of Markham and Smith (10). 

After being located on the paper chromatograms, the mononucleotide 


1 Fraction Y,, from yeast ribonucleic acid, obtained after electrophoresis convec- 
tion, upper layer; Fraction Y:, from yeast ribonucleic acid, obtained after electro- 
phoresis convection, second separation, lower layer; Fraction Y;, from yeast ribonu- 
cleic acid, obtained after electrophoresis convection, second separation, upper layer; 
Fractions P;, P2, and P; correspond to the above fractions, but were obtained from 
the pancreas ribonucleic acid. 
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Mononucleotides Liberated from Yeast Ribonucleic Acid* by Alkaline Hydrolysis 
and by Exhaustive Treatment with Crystalline Ribonuclease 


A. A. HAKIM 


TABLE I 


Guanylic | Adenylic 
acid acid 


Cytidylic acid 


Crystalline ribo- 


nuclease hydrolysis 
Alkaline hydrolysis 31.6 24.8 | 18.7 


moles per | moles per 


100 moles | 100 moles moles per 100 moles 
18.1 (97%) 


23.8 


moles per 100 moles 
15.7 (66%) 


* Sample 2H.2A1.MS.D.L. obtained from yeast. 


TaBLeE II 


Mononucleotides Liberated from Yeast and Pancreatic Ribonucleic Acid Fractions 
Isolated by Electrophoresis Convection after 1, 2, 4, and 8 
Hours Alkaline Hydrolysis 


— 


— 


— 


— 
AN 


Purines Pyrimidines 
Fractions 
Guanylic acid Adenylic acid Uridylic acid Cytidylic acid 
100 moles 100 100 er 100 
Y; 2.0 0.5 1.5 0.5 
3. 
6 
15. 
Y> 2. 
5. 
12 1 
Ys 2. 
5 
11 
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areas were cut out and eluted with 4 ml. of distilled water. Each eluent 
was adjusted to 5 ml. with HC] (final concentration 0.001 nN). The ultra- 
violet absorption spectrum for each mononucleotide in acid solution wag 
determined with the Beckman spectrophotometer, model DU. Blanks 
were eluents of identical filter papers cut out from chromatograms. 

Nitrogen content was determined by the micro-Kjeldah] method, while 
phosphorus was determined by the Fiske and Subbarow procedure (1]), 
For these analyses the nucleic acid samples were dried in vacuo over PO, 
to a constant weight. Sulfuric acid-copper sulfate-selenium mixture was 
used for the digestion of the various samples (12). 


III 


Mononucleotides Liberated from Yeast and Pancreas Ribonucleic Acid Fractions 
Isolated by Electrophoresis Convection after 15 Hours Alkaline Hydrolysis 


Purines Pyrimidines 
Guanylic acid Adenylic acid Uridylic acid Cytidylic acid 
Yi 84.7 32.3 20.8 21.0 10.6 
Y>2 75.1 22.0 19.5 17.7 15.9 
Y; | 92.5 30.2 23.3 25.1 13.9 
P, | 88.0 43.9 19.0 13.8 11.3 
P, 50.3 13.0 8.2 22.3 
P; 83.0 37.6 12.5 22.3 10.6 
Results 


The results reported in Table I show that ribonuclease action on the 
original yeast sample (No. 2H.2A1.MS.D.L.) liberated 97 and 66 per cent 
of the uridylic and cytidylic acids, respectively. 

The chromatographic solvents used separated the 24 hour alkali hy- 
drolysates of the nucleic acid samples into two distinct fractions: mono- 
nucleotides and polynucleotides. The quantitative values of mononu- 
cleotides listed in Tables IT and III show the differential behavior of the 
nucleic acid samples to alkaline hydrolysis. Early in the course of the 
hydrolysis, the chromatograms showed a definite pattern (Fig. 1). In 
addition to the positions occupied by the nucleotides, there were five or 
six definite areas (depending on time) which presumably contained mix- 
tures of polynucleotides. As the hydrolysis proceeded, the concentrations 
in the polynucleotide areas diminished while those of the mononucleotides 
increased. After 15 hours (Table III), mononucleotide formation ace- 
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Fic. 1. Paper chromatograms of alkaline hydrolysis pattern of yeast ribonucleic 
acid sample (No. 2H.2AI.MS.D.L.), developed as deseribed in the text. Sections 
l to S present the pattern of the mononucleotides of veast ribonucleic acid at zero 
time and at 1,2,4,8, 10,15, and 24 hours of alkaline hydrolysis, respectively. 


Vononucleotides Liberated by Alkaline Hydrolysis of Ribose Nucleic Acids 
Isolated by Electrophoresis Convection 


a Purines Pyrimidines 

- Fraction Ratio, 
. Guanylic acid Adeny lic acid Uridylic acid Cytidylic acid 
4 ; moles per 100 moles per 100 moles per 100 moles per 100 
p moles moles moles moles 
133.3 33.0 23.2 23.74 20.0 

27.3 24.3 25.7 22.5 
33.2 25.6 26.2 14.8 
1:2.4 20.9 15.7 14.1 
- ty 55.0 13.2 8.3 22.5 
121.3 40.9 16.4 26.6 16.0 


*Py = pyrimidines; Pu = purines. 
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counted for 75.1 to 93.8 per cent of the original sample, depending on the 
nucleic acid fraction. 
Electrophoresis convection thus fractionated the yeast ribonucleic acid 


Fic. 2. Paper chromatograms of 24 hour alkaline hydrolysis of veast ribonucleic 
acid Fractions Y,; and Y,. separated by electrophoresis convection, as described in the 
text. AA, CA, UA, and GA represent adenyvlic, evtidyvlic, uridyvlic, and guanylie 
acids, respectively. 1, 2, 3, 4, and 5 represent alkaline-resistant polynucleotides. 


TABLE V 
Analytical Composition of Fractions of Sodium Ribonucleate Prepared from 
Yeast and Calf Pancreas by Electrophoresis Convection 


Corrected for viscosity 


Fraction Nitrogen Phosphorus Ratio, ~ 
S20 S20. 
per cent per 

Y 12.9 6.9 1.86 0.4 26.0 
Y, 15.2 7.6 2.00 10.1 23.8 
Y> 11.8 6.8 1.73 S.4 21.6 
Y; 14.9 8.5 1.75 8.5 22.9 
P, 12.4 1.51 3.54 10.5 
14.0 S.4 1.66 3.35 
P,; 12.5 8.3 1.50 3.58 11.5 
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and the pancreatic ribonucleic acid each into three different fractions. 
These nucleic acid fractions exhibited differences in the rates of liberation 
of the four mononucleotides (guanylic, uridylic, cytidylic, and adenylic 
acids) and noticeable differences in the purine-pyrimidine content and 
proportions (Table IV). The differences in the rate of liberation of the 
mononucleotides upon alkaline hydrolysis possibly indicated differences 
in internucleotide linkages and stability of certain fractions towards alka- 
line hydrolysis (Fig. 2). 

Table V presents the results of chemical analysis as well as the sedimen- 
tation rates in the ultracentrifuge of the different fractions. 

The quantities of uridylie and cytidilic acids liberated from each ribonu- 
cleic acid fraction by the exhaustive (48 hour) treatment with ribonuclease 


TaBLe VI 
Mononucleotides Liberated by Exhaustive Treatment with Crystalline Ribonuclease 
Fraction Uridylic acid Cytidylic acid 

moles per 100 moles moles per 100 moles 
Yi 22.5 (94.9%) 12.8 (64%) 
Y: 21.8 (84.8%) 11.5 (51.1%) 
Y; 24.9 (95.0%) 8.9 (60.1%) 
P, 7.8 (49.7%) 5.5 (39%) 
P, 4.0 (48.2%) 10.2 (45.3%) 
P,; 17.3 (65.0%) 7.4 (46.3%) 


are given in Table VI. Adenylic and guanylic acids are not found in de- 
tectable amounts under these conditions. 


DISCUSSION 


The heterogeneity of ribonucleic acid observed in our investigations was 
not due to the action of ribonuclease during extraction. This enzyme was 
inactivated by the addition of the frozen yeast or minced pancreas to a 
boiling solution of sodium dodecyl sulfate, with subsequent freezing and 
thawing before any isolation procedure was initiated. We believe that 
the different ribonucleic acid fractions isolated in later steps were present 
in the original samples (7.e. originally in the cell). These observations are 
consistent with the heterogeneity of cellular ribonucleic acid demonstrated 
by radioactive P® technique, utilized by Wikramanayake and coworkers 
(1) and by Barnum et al. (2). 

An important technical factor is the use of distilled water instead of salt 
or buffered solutions in the extraction of ribonucleic acid. The high values 
of the nucleic acids extracted demonstrate the adequacy of the original 
intracellular buffers to render the nucleic acids soluble, without the necessity 
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for an increase in ionic strength. Furthermore, the use of additional salts 
in procedures carried out by others causes a marked stimulation of enzymic 
degradation of ribonucleic acid (13-16). 

The variations observed in the rates of liberation of the different mono- 
nucleotides (Tables II and III) resulting from alkaline hydrolysis of the 
different ribonucleic acid samples may be explained by the presence of 
more than one type of internucleotide linkage, each type displaying differ- 
ent behavior on alkaline hydrolysis (17). The results reported in this 
paper confirm the findings of Markham and Smith (18) that the ribonu- 
cleic acid from yeast is a mixture of pyrimidine, purine, and purine-pyrimi- 
dine chains. The chief difference between the present observations and 
those of Markham and Smith is in the recovery of 85 to 95 per cent of the 
uridylic acid and 51 to 64 per cent of the cytidylic acid as mononucleotides 
after ribonuclease action; their recovery rates were much smaller. This 
difference is due to the preservation of longer chains of polynucleotides, 
spared by prevention of earlier ribonuclease action. Only 5 to 15 per cent 
of uridylic acid and 36 to 49 per cent of cytidylic acid are in patie 
dine chains, resistant to ribonuclease action. 

The yeast ribonucleic acid fractions yielded higher percentages of uridylic 
(85 to 95 per cent) and cytidylic (51 to 64 per cent) acids than did the pan- 
creatic fractions (48 to 65 per cent and 39 to 46 per cent, respectively), 
after exhaustive ribonuclease action (Table VI). These differences be- 
tween yeast and pancreas may be due to differences in the metabolic states 
or functions of the two substances or to the presence of additional, unknown 
enzyme activities in the pancreas which are resistant to the inactivation 
treatment outlined above. 

The yields of mononucleotides liberated from yeast nucleic acid frac- 
tions by ribonuclease action were considerably higher than those reported 
in the literature (25 to 60 per cent total pyrimidines liberated as mononu- 
cleotides) (17-25). The lower figures (25 to 35 per cent) were obtained 
from samples of commercial ribonucleic acid, from which there was greater 
possibility of both enzymic and chemical degradation. 


The author gratefully acknowledges the kind help and constructive dis- 
cussion of Dr. Milton 8. Saslaw in the writing of this paper. 


SUMMARY 


1. A technique for the isolation of ribonucleic acids from yeast and pan- 
creas was described. Ribonuclease was destroyed at the first stage of ex- 
traction, before the liberation of the nucleic acids. Thus the actual iso- 
lation was carried out in the absence of ribonuclease activity. 

2. Electrophoresis convection fractionated the yeast ribonucleic acid 
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and the pancreatic ribonucleic acid each into three different fractions. 
These nucleic acid fractions exhibited differences in the rates of liberation 
of the mononucleotides by alkaline hydrolysis, noticeable differences in 
the purine-pyrimidine content and proportions, and in other elementary 


composition. 
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METABOLIC PROCESSES IN CYTOPLASMIC PARTICLES OF 
THE AVOCADO FRUIT 


V. EFFECT OF OXALACETATE ON THE OXIDATION 
OF PYRUVATE AND SUCCINATE 


By MORDHAY AVRON (ABRAMSKY) anv JACOB B. BIALE 


(From the Department of Subtropical Horticulture, University of California, 
Los Angeles, California) 


(Received for publication, August 1, 1956) 


Studies on the oxidation of Krebs’ cycle acids have been complicated, 
in some cases, by the inhibitory effects of one acid on the oxidation of an- 
other. The best known inhibition of this type is that of oxalacetate on 
the oxidation of succinate, which was first reported by Das (1) who used 
the Thunberg technique. Swingle et al. (2) confirmed the observation of 
Das with manometric methods. A thorough study of this inhibition was 
reported by Pardee and Potter (3) who observed it in rat liver homogenates 
and also to some extent in other animal tissues. They noted that the in- 
hibition of succinate oxidation by oxalacetate was slowly relieved with 
time. Since their preparations were devoid of oxalacetate oxidase activity 
and since the concentration of total keto acids did not change throughout 
the process, they attributed the decrease in inhibition to the decarboxyla- 
tion of oxalacetate to pyruvate, which was ineffective in causing inhibition. 
They also reported that adenosine triphosphate (ATP) reversed the inhibi- 
tion while calcium ions enhanced it. Tyler (4) determined the effect of 
calcium, magnesium, and ATP on the succinoxidase system inhibited by 
oxalacetate. He found that the reversal of the inhibition was due mainly 
to magnesium and that ATP had an enhancing effect. In the presence of 
magnesium and ATP, the inhibition could be restored by the addition of 
calcium ions. 

This paper deals with some observations on the effects of oxalacetate on 
the oxidation of pyruvate and succinate by cytoplasmic particles (mito- 
chondria) of the avocado fruit. 


EXPERIMENTAL 


Mitochondrial preparations from fruits of the avocado, Persea americana, 
were made in a manner similar to that described by Biale et al. (5). 
Paper chromatograms were run by the procedure of Lugg and Overell (6) 
or by a modification (7). The solvents employed were, accordingly, bu- 
tanol-water (1:1)-formic acid (4 m), or pentanol-water (1:1)-formic acid 
(5m). The reaction mixtures were treated with 1 drop of 0.5 n HCl and 
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placed in a boiling water bath for 1 to 2 minutes. The denatured proteins 
were then centrifuged, and the supernatant fluid was applied directly to 
the paper. Under these conditions, neither pyruvate nor oxalacetate shows 
up on the paper unless present in high concentrations. 

Water redistilled from glass was used throughout. Sodium pyruvate 
was prepared from commercial pyruvic acid and recrystallized. Oxalace. 
tate was bought from the California Foundation for Biochemical Research, 
When tested chromatographically, no traces of the other acids of the cycle 
were found as impurities in the preparations used. 


Results 
Effect of Oxalacetate on Pyruvate Oxidation 


We reported earlier (8) that avocado particles were capable of oxidizing 
most acids of the tricarboxylic acid cycle at relatively high rates. It was 
observed, however, that, when oxalacetate was used as the sole substrate, 
no oxygen uptake was obtained manometrically; but, when the reaction 
mixture was chromatographed, after incubation for 120 minutes, citrate 
and malate clearly appeared as products (Fig. 1). The reaction sequence 
must accordingly be one which could account for the production of citrate 
and malate from oxalacetate without requiring any net uptake of oxygen. 
One such reaction sequence is the following. 


(1) Oxalacetate — pyruvate + CO: 
(2) Oxalacetate + pyruvate = > citrate + CO, 
(3) malate 


If this were the actual mechanism by which the above results were ob- 
tained, one would predict that these consequences should follow: (a) Since 
the first reaction serves only to produce pyruvate to be used in the second, 
it would be expected that addition of increasing quantities of oxalacetate 
to a reaction mixture containing pyruvate should cause an increasing lag 
in the oxygen uptake. Fig. 2 shows that this was the case. (b) Arsenite 
has been shown to abolish the oxidation of pyruvate by avocado particles 
(8). It would be expected, then, that, by blocking Reaction 2, arsenite 
should completely inhibit the production of citrate and malate from oxal- 
acetate. As shown in Fig. 1, no products could be observed chromato- 
graphically when arsenite was present in the reaction mixture. (c) Although 
the above formulation does not require any net oxygen uptake, CO, evolu- 
tion from both Reactions 1 and 2 should be apparent from the start. In 
addition, arsenite should abolish the CO: evolution arising from Reaction 2 
but not from Reaction 1, and thus a decreasing rate of CO evolution would 


of 


M. AVRON (ABRAMSKY) AND J. B. BIALE 701 


be expected in the presence of arsenite. Fig. 3 illustrates both of these 
effects in agreement with the proposed mechanism. (d) If malate were 
produced, as postulated, by the reduction of oxalacetate and not via the 
ysual route in the tricarboxylic acid cycle, one would expect no inhibition 
of malate production upon the addition of malonate. Chromatographi- 
cally, no difference in the amount of malate produced could be detected in 
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Fig. 1. Chromatographic separation of products in reaction mixtures of avocado 
particles and the following: succinate, succinate + oxalacetate, oxalacetate, and 
oxalacetate + arsenite. F = fumarate, S = succinate, M = malate, C = citrate, 
As = arsenite. The reaction mixture for succinate and succinate + oxalacetate 
was the same as that in Fig. 5 and for oxalacetate and oxalacetate + arsenite was 
the same as that in Fig. 3. 


the presence or absence of malonate. All of these results are in complete 
agreement with the proposed mechanism. 

Another sequence of reactions, in which the malic enzyme serves as the 
decarboxylating agent, is also in agreement with the data presented thus far. 
This sequence could be formulated as follows: 


(4) Malate En pyruvate + CO, 


(5) Pyruvate + oxalacetate =.» citrate + CO, 


(6) 2 oxalacetate +8, 2 malate 
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Fic. 2. Oxidation of pyruvate by avocado particles in relation to oxalacetate con- 
centration. Curve 1, pyruvate + 0.001 m oxalacetate; Curve 2, pyruvate + 0.005 
M oxalacetate; Curve 3, pyruvate + 0.010 m oxalacetate; Curve 4, pyruvate + 0.018 
M oxalacetate. The reaction mixture contained, in micromoles, pyruvate 60, phos- 
phate 25, adenosine diphosphate (ADP) 3, magnesium 3, glucose 60, coenzyme A 
0.07; 0.5 ml. of particles; total volume 3.0 ml. of 0.25 m sucrose; pH 7.0; temperature 
20°; gas phase air. 
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Fic. 3. Oxidation and decarboxylation of oxalacetate by avocado particles. The 
reaction mixture contained, in micromoles, oxalacetate 30, phosphate 25, ADP 3, 
magnesium 3, glucose 60; 0.5 ml. of particles; total volume 3.0 ml. of 0.25 m sucrose; 
arsenite 3 X 10-3 mM; pH 7.0; temperature 20°; gas phase air. 
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According to this hypothesis, but not the previous one, addition of in- 
creasing quantities of oxalacetate to a reaction mixture which is oxidizing 
malate should cause an increasing lag in the oxygen uptake. Thus, curves 
similar to the ones presented in Fig. 2 are to be expected if this sequence 
were the one operating. Fig. 4 shows that this was not the case, since 
addition of increasing quantities of oxalacetate did not seem to affect the 
oxidation of malate. Thus, it can be concluded that the first sequence of 
reactions best represents the mechanism by which the observed results 
were obtained. 
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Fic. 4. Effect of oxalacetate on the oxidation of malate by avocado particles. 
Curve 1, malate; Curve 2, malate + 0.002 m oxalacetate; Curve 3, malate + 0.008 
mM oxalacetate. The reaction mixture contained 48 ywmoles of malate in place of 
pyruvate; otherwise it was the same as that in Fig. 2. 


Effect of Oxalacetate on Succinate Oxidation 


When oxalacetate was added to a reaction mixture containing succinate, 
a lag period was evident (Fig. 5). The duration of the lag was a function 
of the concentration of oxalacetate, higher concentrations causing longer 
lag periods. The manometric picture, then, seemed rather similar to the 
one observed upon addition of oxalacetate to pyruvate. 

Upon chromatographic separation of the reaction products from a vessel 
containing 0.08 mM oxalacetate (Fig. 1), it was clearly seen that, although 
succinate has completely disappeared from the control, during the incuba- 
tion period, the reaction mixture containing oxalacetate still showed a large 
succinate spot. The malate and citrate spots shown are probably the re- 
sult of the breakdown of the added oxalacetate via the reaction sequence 
discussed earlier. 
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Fic. 5. Oxidation of succinate by avocado particles in relation to oxalacetate 
concentration. Curve 1, succinate; Curve 2, succinate + 0.002 m oxalacetate; Curve 
3, succinate + 0.004 m oxalacetate; Curve 4, succinate + 0.008 m oxalacetate. The 
reaction mixture contained, in micromoles, succinate 60, phosphate 25, ADP 3, glu- 
cose 60; 0.5 ml. of particles; total volume 3.0 ml. of 0.25 m sucrose; pH 7.0; tempera- 
ture 20°; gas phase air. 
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Fic. 6. Effect of magnesium and ATP on the oxalacetate-inhibited succinoxidase 
system. Curve 1, succinate; Curve 2, succinate + 0.004 m oxalacetate; Curve 3, 
succinate + 0.004 m oxalacetate + 0.001 m ATP; Curve 4, succinate + 0.004 m oxal- 
acetate + 0.001 m magnesium; Curve 5, succinate + 0.004 mM oxalacetate + 0.001 m 
ATP + 0.001 m magnesium. The reaction mixture of the control was the same as 
that in Fig. 5. 
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It thus seems that in this case the inhibition is real and is not due to ox- 
idation and reduction reactions which proceed simultaneously and result 
in no net oxygen uptake. The reversal of the inhibition with time (Fig. 5) 
can be attributed to the breakdown of oxalacetate as the reaction proceeds, 
which thus lowers the effective concentration of the inhibitor. As the 
concentration of oxalacetate dropped below that critical for the inhibition 
of succinate oxidation, oxygen uptake was observed manometrically. 


SUCCINATE 
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Fig. 7. Effect of calcium on the oxalacetate-inhibited succinoxidase system. The 
reaction mixture of the control was the same as that in Fig. 5. Curve 1, succinate; 
Curve 2, succinate + 0.004 m oxalacetate; Curve 3, succinate + 0.004 m oxalacetate 
+ 0.001 mM calcium; Curve 4, succinate + 0.004 m oxalacetate + 0.001 m calcium + 
0.001 M magnesium + 0.001 m ATP. 


The effects of magnesium ions and ATP on this inhibition are shown in 
Fig. 6. It is clear that magnesium at 0.001 m reversed the inhibition al- 
most completely. ATP, at the same concentration, caused a partial re- 
versal of the oxalacetate effect, but was not as effective as magnesium ions. 
The addition of ATP to magnesium did not significantly increase the re- 
versal of the inhibition. 

As seen in Fig. 7, the addition of calcium ions at 0.001 mM toa succinoxi- 
dase system inhibited by oxalacetate markedly accentuated the inhibition. 
It is of interest, though, that even this accentuated inhibition could be 
reversed upon the addition of magnesium ions and ATP. It should be 
noted that neither calcium ions nor ATP had any effect on succinate oxida- 
tion in the absence of oxalacetate. Magnesium ions did have a small 
enhancing effect upon the oxidation rate. 
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DISCUSSION 


The effect of oxalacetate on pyruvate oxidation is of special interest, 
since it represents a situation where oxalacetate is able to compete with 
the electron transport system so as to abolish oxygen uptake almost com- 
pletely. Thus, the electrons released by the pyruvate oxidase system are 
being utilized for the reduction of oxalacetate to malate, rather than being 
transported via the usual route to oxygen. 

The occurrence of the coupled reactions proposed above has been de- 
scribed for animal tissues (9) under anaerobic conditions. They do not, 
presumably, occur under aerobic conditions. Moreover, in animal tissue, 
oxalacetate is readily oxidized with a high rate of oxygen uptake (9, 10). 

Several indirect observations have been reported on the presence in plant 
material of the postulated coupled oxidation-reduction reaction. Davies 
(11), in a study of the tricarboxylic acid cycle in pea seedlings, presented 
a chromatogram obtained from the products of a reaction mixture contain- 
ing pyruvate and oxalacetate. In addition to citrate, a spot for malate 
is clearly visible. According to our hypothesis, this malate was produced 
by the reduction of the oxalacetate present in the reaction mixture via the 
coupled reactions proposed. Brummond and Burris (12), in their study 
on the operation of the tricarboxylic acid cycle in white lupine mitochon- 
dria, observed a very low rate of oxygen uptake when oxalacetate was used 
as the substrate. In addition, they tried to use oxalacetate as an initiator 
of pyruvate oxidation and stated that “‘as oxaloacetate inhibited oxygen 
uptake for the first 30 minutes, L-malate was subsequently used as the 
sparking acid.” This, again, agrees with our observations and fits the 
proposed mechanism. 

Recently, Walker and Beevers (13) reported a thorough study of this 
phenomenon. In studies of a particulate fraction from the endosperm of 
germinating castor beans, they observed typical lag periods like those re- 
ported here upon the addition of oxalacetate to a reaction mixture con- 
taining pyruvate. Omission of cofactors from the reaction mixture always 
lengthened the lag period observed. The lag could be shortened by re- 
storing the required cofactors. Similar observations were made on a 
particulate preparation from potatoes. In discussing the results, the au- 
thors mention Dr. Price as suggesting the reaction sequence proposed 
here as a possible explanation of their results. 

It would thus seem that the occurrence of these coupled oxidation-re- 
duction reactions is rather widespread among higher plants and is not at 
all limited to particles obtained from the avocado fruit. 

The inhibition of succinate oxidation by oxalacetate does not seem to 
involve pathways similar to the ones postulated in its effect on pyruvate 
oxidation. It could be due to the conversion of the oxalacetate to malo- 
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nic acid as reported by Vennesland et al. for animal (14, 15) and possibly 
also plant tissues (16). This possibility, however, seems rather unlikely 
in view of the absence of malonate after an incubation of the particles with 
oxalacetate (see Fig. 1). With the chromatographic technique used, mal- 
onate would appear as a definite spot with an FR, intermediate between 
those of malate and succinate (8). In addition, when malonate is added 
to a reaction mixture which is oxidizing succinate, the rate of oxidation is 
diminished (0.01 Mm malonate used for a substantial inhibition), but no lag 
is observed, nor is the inhibition reversed with time. It is our opinion that 
a more likely explanation would involve the direct inhibition of the suc- 
cinoxidase system by oxalacetate. The striking effects of magnesium, cal- 
cium, and ATP on the reaction could most simply be ascribed to one of 
two general mechanisms: (a) accelerating or decelerating the breakdown of 
oxalacetate or (b) formation of a complex which would be more or less ef- 
fective as the inhibitor. The data available do not permit a decision as to 
which of the two mechanisms is operating. 


SUMMARY 


The effects of oxalacetate on pyruvate and succinate oxidations were in- 
vestigated. In both cases, oxalacetate caused a lag in the oxygen uptake 
which was relieved with time. In the case of pyruvate, however, the lag 
was ascribed to an oxidation-reduction system in which pyruvate was oxi- 
dized to citrate concomitantly with reduction of oxalacetate to malate. In 
the case of succinate, an actual inhibition is thought to prevail as long as 
oxalacetate is present in the reaction mixture in inhibitory concentrations. 
Magnesium ions or adenosine triphosphate was found to reverse the inhi- 
bition of suecinate oxidation by oxalacetate while calcium ions enhanced 
it. 

The general occurrence of these phenomena in plant and animal tissues 
is discussed. 


We wish to thank Mr. Roy E. Young and Dr. D. Atkinson for the many 
discussions and valuable suggestions which they have offered throughout 
the progress of this work. 
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THE RELEASE OF LABELED CONSTITUENTS FROM CELLULAR 
FRACTIONS OF EHRLICH ASCITES CELLS* 


By KIVIE MOLDAVE 


(From the Department of Biochemistry, Tufts University School of Medicine, 
Boston, Massachusetts) 


(Received for publication, September 18, 1956) 


It was previously reported that isotopically labeled ascites cell proteins 
released significant amounts of radioactivity without concomitant loss of 
protein (2). Cell lysis or secretion of a highly labeled protein did not 
appear to account for these results. Radioactivity, in the form of free 
amino acids, was released primarily intracellularly. Although these 
observations are consistent with a dynamic equilibrium between proteins 
and amino acids within the cell, it is conceivable that relatively few of the 
cellular proteins are responsible for the release of radioactive, free amino 
acids. In the present study, the release of radioactivity from the proteins 
of individual cellular fractions, obtained from C'*-labeled ascites cells, has 
been investigated. Analogous studies on the lipides and nucleic acids of 
such cells are also presented. 


EXPERIMENTAL 


The preparation of labeled cells and the incubation procedures have 
been described in detail elsewhere (2). Ehrlich mouse ascites carcinoma 
cells were labeled in vivo by single intraperitoneal injections of 1 mg. of 
pL-leucine-2-C™ having a specific activity of approximately 4.5 x 10° 
c.p.m. per mg. Suspensions of the labeled cells were placed in cellophane 
dialysis sacs, introduced into the peritoneal cavity of the mice, and allowed 
to “ineubate”’ for 24 or 48 hours. Labeled ascites cells from three mice 
were pooled for each of two experiments. The contents of ten dialysis 
sacs were combined and analyzed at each time period. 

At the end of the incubation period, the cells were recovered and lysed 
by suspension in 10 volumes of cold distilled water for 30 minutes at 4°. 
Sucrose was then added in concentrated solution to yield a preparation 
0.25 m with respect to sucrose. The nuclei, mitochondria, microsomes, and 
a supernatant fraction were prepared by modifications of the differential 
centrifugation procedure of Schneider and Hogeboom (3) as described 


* Supported by grant No. DRG-342A from the Damon Runyon Memorial Fund for 
Cancer Research, Inc. 
A preliminary report of this work was presented at the meeting of the American 
Physiological Society, Atlantic City, April, 1956 (1). 
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previously (4). The individual cellular fractions were precipitated with 
perchloric acid, and the lipides, nucleic acids, and proteins were isolated 
(5, 6). Determinations of radioactivity were carried out by the direct 
plating method (2). 

In the experiments involving the ionophoresis of the soluble supernatant 
fraction, the supernatant fluid from the microsomal centrifugation (144,000 
X g) was adjusted to pH 5.3 with 0.2 m acetic acid, and the resulting residue 
was removed by centrifugation at 20,000 < g for 30 minutes. The super- 
natant fluid was dialyzed against running water for 24 hours, centrifuged 
to remove insoluble matter, and dried by lyophilization. Approximately 
8 mg. of the dried material were dissolved in 0.35 ml. of 0.05 m Veronal 
buffer, pH 8.62, and placed in a starch trough 40 X 2.5 X 1.5 cm. in size, 
Ionophoresis in Veronal-moistened starch was carried out at 4°, 10 volts 
per cm., for 24 hours. Sections of starch 1 cm. wide were then cut out, 
tranferred to conical centrifuge tubes, suspended in 5 ml. of 0.01 m Veronal 
buffer, and shaken vigorously for 2 hours at 37°. The starch suspension 
was centrifuged and aliquots of the starch-free solution were analyzed for 
radioactivity and for protein by the method of Lowry et al. (7). Crystal- 
line bovine serum albumin was used as the reference standard for the colori- 
metric determination of protein. 


Results 


The release of radiocarbon from the lipides, nucleic acids, and proteins 
of the individual cellular fractions, obtained from ascites cells which had 
been maintained intraperitoneally, is shown in Table I. Approximately 
65 per cent of the C" associated with the lipides was lost from each of the 
cellular fractions during the 48 hour incubation, with the possible exception 
of the microsomal lipide fraction, which consistently lost 30 to 40 per cent 
of its activity. These results are not in agreement with those obtained with 
intact cells labeled with radioactive alanine or lysine, which revealed an 
increase in the radiocarbon content of the total lipides (2). 

The nucleic acids from the mitochondrial and supernatant fractions 
released 60 to 70 per cent of their radioactivity, and the microsomal frac- 
tion released 20 to 30 per cent of its radiocarbon. The nucleic acids of the 
nuclei, however, showed an increase in radioactivity of about 23 per cent 
during the 48 hours. The total amounts of nucleic acid were estimated 
spectrophotometrically. Readings at 260 and 290 my indicated that no 
significant change in the concentration of any of the nucleic acid fractions 
could be detected during the incubation. 

The specific activity of the proteins (counts per minute per mg. of pro- 
tein) of all of the cellular fractions decreased during incubation. De- 
creases of 30, 26, 19, and 41 per cent, respectively, in the specific activities 
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of the nuclear, mitochondrial, microsomal, and supernatant proteins were 
observed. A small increase in the amounts of mitochondrial protein and a 
slight loss of soluble supernatant protein were observed upon incubation. 


TABLE I 


Release of Radiocarbon from Cellular Fractions of Ascites Cells Labeled 
with Leucine-C™ and Incubated in Vivo 


Time of Nuclei Mitochondria Microsomes Supernatant 


bation | | | pt | | Nae! pt | | Nas 


0 | 3270 | 1130 | 1845 | 132 58 | 2625 1130 466 | 2080 | 2900 | 1500 | 2350 
24 | 3150 | 1480 | 1580 | 41 20 | 2050 | 600 | 392 | 1735 | 1180 | 530 | 2120 
48 | 1200 | 1480 | 1295 | 55 1950 | 780 | 345 | 1690 | 1035 | 440 | 1400 


= Total counts per minute in the lipides (L) and nucleic acids (NA). 
t Specific activity (counts per minute per mg. of protein (P)). 
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Fig. 1. Solid phase ionophoresis on starch of supernatant fraction from C'*-labeled 
ascites cells. The top curve represents micrograms of protein per cm. of starch. 
The cross-hatched curve represents counts per minute per cm. of starch. 


However, protein determinations on the several fractions indicated no 
significant changes in the amounts of most of the protein fractions. These 
observations are in agreement with previous studies on intact cells which 
showed that the amount of total proteins obtained from ascites cells re- 
mained unchanged during the 48 hour incubation (2). 
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Ionophoresis of the supernatant fluid prepared from the supernatant 
fraction of the ascites cells by precipitation at pH 5.3 revealed two major 
components. One remained at the origin while the other migrated approxi- 
mately 11 cm. toward the anode. A typical separation is presented in Fig. 
1. The results of analyses of two of the subfractions from the soluble 
supernatant fluids are shown in Table II. Both the residual protein, pre- 
cipitated at pH 5.3, and the ionophoretically mobile fraction obtained 
showed a marked decrease in specific activity, approximately 52 and 65 
per cent, respectively, in 48 hours. The values for the specific activity 
of the protein which remained at the origin are not presented here. 


TABLE II 


Concentration of Radiocarbon in Subfractions of Supernatant Proteins 
from Ascites Cells Labeled with Leucine-C™ 


| Specific activity* 
Time of incubation — 


| Ppt. obtained at pH 5.3 | Ionophoretically mobile fraction 
Ars. | 
0 1980 | 2130 
24 | 1130 1340 


48 950 : 752 


* Counts per minute per mg. of protein. 


DISCUSSION 


It was previously shown that reimplantation of ascites cells in dialysis 
sacs resulted in a 2-fold increase in the number of cells within 48 hours 
(2, 8). No gain in weight was observed in such preparations. During 
the period associated with cell division, the cells exhibited a markedly 
stimulated metabolic activity, as reflected by their ability to incorporate 
radioactive amino acids (2). When labeled cells were incubated in this 
manner, 22 to 38 per cent of the radiocarbon from the nucleic acids was 
released and the specific activity of the total cell proteins was decreased 
40 to 50 per cent. The decrease in specific activity of the proteins sug- 
gested that radioactive amino acids in the protein had been replaced by 
non-isotopic constituents from the free amino acid pool. 

In the present study, the nucleic acids obtained from most of the cellular 
fractions released a significant amount of their radioactivity. <A striking 
exception is the increase in the C™ content of the nucleic acids of the nu- 
clear fraction. Inthe experiments with intact cells (2), the increase in the 
nuclear nucleic acid C™ was probably masked by the marked decrease in 
the radioactive content of the nucleic acids from other parts of the cell. 
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Unfortunately, the amounts of nucleic acid isolated from the nuclei were 
too small to allow separation of ribonucleic from deoxyribonucleic acid. 
Hershey (9) has reported that nucleic acids are not degraded in growing 
Escherichia coli. ‘This conclusion was based on the observation that a 
significant loss of P* or C™ from labeled ribonucleic or deoxyribonucleic 
acid did not occur in cells which were allowed to grow for six generations 
innon-labeled media. Unequal transfer of isotope from one type of nucleic 
acid to the other was not detected. The present studies with ascites cells 
and those reported previously (2) indicate that the nucleic acids release a 
considerable amount of the radioactivity associated with this fraction. 

The finding that S**-labeled EF. coli proteins do not significantly con- 
tribute to the synthesis of the induced enzyme §-galactosidase led Hogness 
etal. (10) toconclude that proteins are not in dynamic equilibria within the 
cell. Similar observations by Spiegelman ef al. (11, 12) with C-labeled 
E. coli cells support this view. Koch and Levy (13) reported experiments 
in which the proteins of EF. coli were labeled with substances which were 
also potential precursors of purines. Incubation of such cells under condi- 
tions which supported growth failed to reveal the presence of significant 
amounts of isotope in the purine fraction. The transfer of radioactivity, 
considered a measure of protein turnover, did not occur, thereby suggesting 
that degradation of protein in the growing bacterial cell, if it occurred at 
all, took place at a very small rate. 

On the other hand, several recent investigations do not support the 
hypothesis proposed by Hogness et al. (10). Markovitz and Klein (14), 
who studied the synthesis of a-amylase in Pseudomonas saccharophila, 
found that, in both resting and growing cell preparations, significant 
amounts of a-amylase were synthesized from preexisting carbon compounds 
of the cell. Steinberg and Vaughan (15, 16) measured the release of C™ 
from the proteins of rat liver and kidney slices labeled with radioactive 
phenylalanine. The release of isotope, measured as a partially purified 
amino acid fraction, was inhibited by anaerobiosis, dinitrophenol, and o0- 
or p-fluorophenylalanine. These results suggested that intracellular pro- 
tein degradation appears to be an organized and continuing process, more 
complex than direct catheptic hydrolysis. The authors further conclude 
that the evidence suggests a true dynamic degradation and synthesis of 
protein in mammalian cells. 

The decreases in specific activity of ascites cell proteins reported here 
and previously (2) reflect a loss of radioactivity without a net loss of pro- 
tein. These data are compatible with the existence of a dynamic state 
of the proteins in these cells. The observation that decreases in specific 
activity occur throughout all of the cellular fractions and the two protein 
subfractions studied suggests that the phenomenon of intracellular dy- 
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namic equilibrium involves many of the proteins of the cell. The posgj- 
bility exists that the conclusions from studies with F. coli may not be 
applicable to all other systems. 


SUMMARY 


Suspensions of ascites cells labeled in vivo with leucine-2-C™ were main- 
tained intraperitoneally in cellophane dialysis sacs for 24 and 48 hours. 
The cells were recovered at the end of the incubation period, lysed, and 
their cellular fractions isolated by differential centrifugation. 

Analyses of the lipides, nucleic acids, and proteins from the individual 
cellular fractions showed that, in most cases, a loss of radioactivity asso- 
ciated with these components had occurred. A notable exception was the 
nuclear nucleic acid fraction which exhibited an increase in C™ content. 

The decreases in specific activity of the proteins of the nuclei, mitochon- 
dria, microsomes, and supernatant fraction and of the two protein sub- 
fractions prepared from the soluble supernatant fraction suggest that 
dynamic equilibrium is a generalized process involving many of the cellular 
proteins in ascites cells. 
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STUDIES ON THE METABOLISM OF 4-AMINO-5- 
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II. UTILIZATION BY ACTIVELY GROWING TISSUES 
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Previous experiments have shown that the purine precursor, 4-amino-5- 
imidazolecarboxamide,! first isolated by Stetten and Fox (1) and later 
identified by Shive and his collaborators (2), is rapidly metabolized by rat 
liver homogenates (3). Under the conditions of our experiments, in the 
normal adult rat, the activity of liver tissue towards this substrate was 5 
to 10 times as great as that of other normal tissues studied. 

In order to assess the importance of carboxamide as a potential purine 
precursor in rapidly growing tissues, we have studied its utilization by 
embryonic tissues, regenerating livers, livers of pregnant animals, and 
several rapidly growing transplantable tumors. The present report deals 
with the results of this investigation. 


EXPERIMENTAL 


Optimal utilization of carboxamide by rat liver homogenates has been 
found to require the addition of a 1-carbon donor such as formate, a readily 
oxidizable substrate such as succinate or a-ketoglutarate, Mg**, diphos- 
phopyridine nucleotide, and, in some instances, adenylic acid or adenosine 
triphosphate (3). The following procedure has therefore been employed 
in this study: tissues are homogenized with either 1 or 2 volumes of Cohen- 
Hayano buffer (4) and are incubated with an equal volume of a solution 
which contains 2 10-? m succinate, 2 10-* m formate, 2 X 10-? nico- 
tinamide, 4 X 10-4 m diphosphopyridine nucleotide, 10-* m adenylic acid, 
and 2 X 10-* m 4-amino-5-imidazolecarboxamide. Slices are incubated 
in a solution containing 10-? M succinate, 10-* m formate, and 10-* m carbox- 


* This investigation was aided by a research grant from the National Institutes of 
Health, United States Public Health Service. Preliminary reports have been pre- 
sented (20). 

t Present address, 511 Evanswood Place, Cincinnati 20, Ohio. 

‘For purposes of convenience, 4-amino-5-imidazolecarboxamide will be referred 
to as carboxamide. 
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amide in Ringer-Krebs-phosphate buffer. The mixtures are incubated for t 
1 hour at 37° in oxygen. The reaction is stopped by the addition of an t 
equal volume of 10 per cent trichloroacetic acid or 0.1 volume of 60 per cent t 
perchloric acid. Residual carboxamide is determined in the supernatant a 
fluid by the Bratton-Marshall diazotization reaction (5), as modified by k 
Ravel, Eakin, and Shive (6). Dry weight is determined on an aliquot of a 
the homogenate and is corrected for the salt content of the medium em- \ 
ployed. The method of Lowry e¢ al. (7) is used for estimation of pro- i! 
tein nitrogen. 

The results are expressed as micrograms of carboxamide utilized per mg. 
of dry weight or per mg. of protein nitrogen per hour and are considered to 
represent ring closure, whether at the free base, riboside, or ribotide level. 

For experiments on regenerating liver, female DBA/2 mice weighing 
20 to 25 gm. were operated upon under ether anesthesia, and the median 
and left lateral lobes of the liver were removed, representing approximately 
61 per cent of the total liver tissue. This figure is based on the finding 
that, in 59 control mice, liver tissue represents 5.5 per cent of the body 
weight. The mice were not fasted prior to surgery and were fed only water 
and Purina chow subsequent to surgery. For controls, another series of 
mice was anesthetized and subjected to a sham operation in which an I 
abdominal incision of the same size was made. 

The following transplantable mouse tumors have been employed in this ( 
study: P1534 leucemia; C1498 leucemia; a lymphoid leucemia (Furth); 
L-2 lymphosarcoma;? 6C3HED lymphosarcoma;? 8-91, a malignant mela- 
noma; sarcoma §-I, sarcoma 37, and sarcoma 180; BU;, a mouse hepa- 
toma;? E 0771, a mammary gland adenocarcinoma; a rat chloroleucemia;? 
and human leucemic cells. Whenever possible, the tumors were used 
before necrosis had set in. i 

Diphosphopyridine nucleotide, adenylic acid, and adenosine triphosphate t 

( 


wes 


were obtained from the Sigma Chemical Company. The 4-amino-5- 
imidazolecarboxamide was synthesized according to Shaw and Woolley (8). 


Results 


Fetal Tissue—The carboxamide utilization by homogenates of whole 
rat fetuses, ranging in weight from 112 to 1400 mg., averaged 1.03 y per 
mg. of dry weight per hour (Table I). This value is considerably higher 


2 We are indebted to Dr. Joseph Leiter for the L-2 lymphosarcoma, to Dr. J. J. 
Oleson and Dr. T. 8. Hauschka for the 6C3HED lymphosarcoma in solid and ascites 
form, to Dr. J. W. Wilson for the BU; hepatoma, to Dr. Jacob Furth for the lymphoid 
leucemia, and to Dr. Harry Shay for the rat chloroleucemia. 

3 We are indebted to Dr. J. H. Williams of the Lederle Laboratories Division, Amer- 
ican Cyanamid Company, for this compound. 


Z. MILLER 717 


than the corresponding values obtained from homogenates of adult rat 
tissues other than liver, which range from 0.19 to 0.38. The high utiliza- 
tion found in whole rat fetus homogenates cannot be ascribed to fetal liver 
alone, for essentially the same values are obtained if the liver is removed 
before the fetus is homogenized. Furthermore, Table I shows that the 
activity of fetal liver is 2.09. This is only twice the value obtained with 
whole homogenate and cannot therefore be responsible for the high activity 
in whole homogenate. 

Similar results were obtained with homogenates from 5 day-old chick 
embryos and fetal tissue from C57 black mice (Table I). Values exceeding 
1.0 were observed with fetal tissue from all these sources, when young 
embryos were studied. The activity of these embryonic tissues is equal 
to or greater than that of adult liver from the same species. 


TABLE I 
Carboxamide Utilization by Fetal Tissues 
Tissue Weight of fetus per 
mg. 
112-1400 | 5 1.03 (0.91-1.29) 

900-4450 6 2.09 (1.09-2.62) 
Chick embryo*.............. | 6 1.19 (1.12-1.29) 
re 80- 300 | 5 1.42 (1.21-1.58) 

*5 day-old. 
t C57 black. 


Regenerating Liver—The extent of restoration of the liver after operation 
is indicated in the lower portion of Fig. 1 and is calculated by assuming 
that, at the time of complete restoration, liver tissue represents 5.5 per 
cent of body weight. According to this curve, restoration is complete 8 
or 9 days after operation. 

In the upper portion of Fig. 1, two curves indicating carboxamide utiliza- 
tion by regenerating liver at various times after operation are presented. 
The points on these two curves are derived from at least five mice in each 
group. The values obtained from mice subjected to sham operation do 
not at any time differ significantly from the corresponding values for con- 
trol animals not operated upon and are approximately 1 y per mg. of dry 
weight per hour. 

Curve 1, derived from dry weight data, reveals a diminution in activity 
towards carboxamide of approximately 23 and 19 per cent, respectively, 
24 and 30 hours after operation. At 48 hours, however, the activity of 
the regenerating liver is 27 per cent higher than that of the control. The 
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maximal value, representing an increase of more than 50 per cent, is reached 
on the 3rd and 4th days after operation. The ratio gradually decreases, 
and normal values are observed 28 days after operation. 

If the data are calculated from protein nitrogen content, there is no 
initial drop in activity. In fact, Curve 2 shows an increase even at the 
time of the 24 hour reading. Essentially the same maximum is reached 
as in Curve 1 and at approximately the same time. At the 28th day, a 
value slightly less than normal is observed. 
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DAYS AFTER OPERATION 
Fic. 1. Carboxamide utilization by regenerating mouse liver 


The apparent diminution in activity seen in the initial stages in Curve 1 
is probably attributable to the fact that, in the first few days after opera- 
tion, the liver lobe which remains is pale and extensively infiltrated with 
fat. Lipide mobilization in the early stages of liver regeneration has been 
observed by numerous workers (9-12) and is apparently a response to liver 
injury. 

Livers from Pregnant Micc—We have observed enlarged livers in pregnant 
mice. This enlargement is accompanied by a greater carboxamide utiliza- 
tion compared to that in livers of non-pregnant females of the same size 
and age (Table II). 

Malignant Tissue—Table III summarizes the data obtained with ho- 
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mogenates or slices of a number of transplantable mouse tumors, a rat 
leucemia, and human leucemic cells. Our experience has been that, in 
general, homogenates of malignant tissue show low utilization of carbox- 
amide. However, with almost all tumors studied, the activity of slices is 


TaBLeE II 
Effect of Pregnancy on Carboramide Utilization by Mouse Liver 
27 5.7 0.90 (0.85-1.09) 


— 


TABLE III 
Carboxzamide Utilizaticn by Malignant Tissues 


Carboxamide utilized, y per mg. 
dry weight per hr. 
Tumor Host 
Homogenate | intact cells 
P1534 leucemia | DBA/2 0.29 0.73 
C1498 C57 black 0.25 0.53 
Lymphoid leucemia (Furth) RF 0.29 0.95 
L-2 lymphosarcoma CAF 0.30 1.02 
6C3HED lymphosarcoma zs 0.32 1.09 
S-91 melanoma DBA/1 0.15 0.53 
S-I sarcoma CAF 1.20 
Sarcoma 37 ” 0.38 0.97 
180 | 0.42 0.96 
BU, hepatoma C3H | 0.46 
E. 0771 adenocarcinoma | C57 black 0.31 1.46 
Chloroleucemia (Shay) Wistar rat ! 1.13* | 
Acute lymphatic leucemia Human | 1.0 


All values represent the averages of at least three separate experiments. 
* Spleen extensively invaded by leucemic cells. The corresponding value for 
homogenates of spleens from normal Wistar rats is 0.37. 


as high or higher than that of liver from the corresponding animal. At- 
tempts to increase the activity of tumor homogenates by altering the con- 
ditions of the experiment, by substituting pyruvate or hexose diphosphate 
for succinate, omitting or varying the concentrations of coenzymes, or 
working in a medium of high K+ instead of high Nat content, have been 
relatively unsuccessful. 
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DISCUSSION 


Our previous experiments indicated that rat liver homogenates can utilize 
4-amino-5-imidazolecarboxamide at a significant rate and that in the nor. 
mal animal, under the conditions of our experiments, all other adult tissues 
studied show low rates of utilization (3). These results suggest that, in the 
adult animal, the chief site of utilization of carboxamide may be the liver. 

The experiments presented here reveal that several other types of tissue, 
which are growing and synthesizing nucleic acids at a rapid rate, show rela- 
tively high rates of utilization of this carboxamide. These include fetal 
tissue, regenerating liver, liver from pregnant animals, and several types of 
transplantable tumors, as well as human leucemic cells. 

The increased metabolism of carboxamide by livers of pregnant animals 
is of interest in relation to the observation of several investigators that the 
nucleic acid content of liver increases during pregnancy (13-17) and that 
there is a marked increase in the turnover rate of radioactive phosphorus 
in deoxyribonucleic acid (18). 

It is interesting to compare the marked increase in carboxamide utiliza- 
tion found in regenerating livers at the time of maximal nucleic acid syn- 
thesis with results reported for other liver enzymes during regeneration. 
Novikoff and Potter (19) and Tsuboi et al. (12) found decreased succinox- 
idase activity. Tributyrinase, acid, and alkaline phosphomonoesterase 
varied little if activity was expressed in terms of nitrogen content; activity 
was increased in terms of nuclear counts (12). 

The observation that tumor slices show considerably greater utilization 
of the carboxamide than homogenates suggests that some component or 
components of the system are more rapidly destroyed by homogenization 
in tumor tissue than in liver. We have not succeeded in determining which 1 
component is affected. To assess the significance of data previously re- 
ported on homogenates of normal tissues other than liver (3), we have re- 
investigated carboxamide utilization by slices of these tissues. The results 
indicate that spleen slices show a considerably greater utilization than . 


oa ws 


spleen homogenates, but that slices or whole cell preparations of other 
tissues, brain, kidney, muscle, and testis, are no more active than homoge- 
nates.‘ 


SUMMARY 


4-Amino-5-imidazolecarboxamide is metabolized by homogenates of 
embryonic tissues and by slices or whole cell preparations of transplantable 
malignant tumors at rates which exceed those of most normal tissues. 
This compound is also metabolized more rapidly in vitro by regenerating 


‘Unpublished observations, Z. Miller. 
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mouse liver than by normal mouse liver, and the increase in activity is 
greatest during the period of maximal restoration of liver mass and nucleic 
acid synthesis. Similarly, livers of pregnant mice show greater utilization 
of this carboxamide than normal livers. 

The results obtained emphasize the potentia! importance of 4-amino-5- 
imidazolecarboxamide as a purine precursor in tissues which are rapidly 
synthesizing nucleic acids. 


The author is grateful to Dr. Leonard Warren for his assistance in some - 
of these experiments and to Angela Januzzi for her cooperation in pro- 
viding most of the transplantable tumors employed in this study. This 
manuscript was prepared during a guest investigatorship at the Roscoe B. 
Jackson Memorial Laboratory, Bar Harbor, Maine. It is a pleasure to 
acknowledge my gratitude to Dr. C. C. Little for providing these facilities. 
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METABOLISM OF NITROGEN BY CELL-FREE PREPARATIONS 
FROM AZOTOBACTER VINELANDII* 


By D. P. BURMAT anv R. H. BURRIS 


(From the Department of Biochemistry, College of Agriculture, University 
of Wisconsin, Madison, Wisconsin) 
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In a kinetic study of the metabolism of ammonia by growing cultures 
of Azotobacter vinelandii (1), glutamic acid appeared as the primary organic 
nitrogenous compound formed, and the distribution of N'® among the 
various amino acids, purines, and pyrimidines was essentially the same as 
that observed in a kinetic study of N: fixation by the same organism (2). 
Ammonia was rapidly metabolized by the cells, and, within 1 minute after 
adding N'®H,*, all of the free and bound nitrogenous constituents re- 
covered from the culture had accumulated excess N'5. These results 
prompted us to investigate the metabolism of ammonia by cell-free prepa- 
rations of A. vinelandit. 

Britten et al. (3) observed that the free amino acids absorbed by Escher- 
ichia coli cells built up the intracellular pool of free amino acids and induced 
the synthesis of proteins. Our kinetic studies (1) presented a similar 
picture; the free amino acids excreted or extracted into the medium were 
newly formed, as indicated by the fact that their N'® concentrations were 
several times higher than those of the amino acids obtained from the hy- 
drolyzed cells. 

Of the numerous observations recorded on the incorporation of amino 
acids into the proteins of higher plants, microorganisms, and animals, 
special mention should be made of the work of Gale and Folkes (4, 5). 
They studied the incorporation of individual amino acids into protein and 
in addition demonstrated net protein synthesis by cell-free preparations of 
Staphylococcus aureus. Webster and Johnson (6) investigated the incor- 
poration of amino acids by a particulate preparation from pea seedlings, 
and Littlefield and Keller (7) reported the isolation of cytoplasmic ribo- 
nucleoprotein particles capable of incorporating amino acids into proteins. 
We have demonstrated the incorporation of N'-labeled glutamic acid into 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. This investigation was supported in part by research grant No. 
E-848 from the Division of Research Grants, National Institutes of Health, Public 
Health Service. 

t Present address, National Institute of Arthritis and Metabolic Diseases, National 
Institutes of Health, Bethesda 14, Maryland. On leave of absence from the Bose 
Research Institute, Calcutta 9, India. 
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proteins by cell-free preparations of A. vinelandii. Factors controlling 
this incorporation were studied with C-labeled glutamic acid and glycine, 


Methods 


Preparation and Fractionation of Cell-Free Extracts—A . vinelandii was 
grown in aerated liquid culture on Burk’s nitrogen-free medium (8) from 
a 3 to 4 per cent inoculum, and cultures were used after 18 hours when 
they still were in the exponential phase of growth. Cells were harvested in 
a Sharples centrifuge, resuspended in distilled water, and sedimented in a 
refrigerated centrifuge. The washed cells were resuspended in 0.05 y 
phosphate buffer (pH 7). For each set of experiments the cells from 3 
liters of culture (10 to 12 gm. of cell paste containing 250 to 300 mg. of N) | 
were suspended in 20 ml. of buffer. The suspended cells were disrupted 
by treatment for 10 minutes in a Raytheon magnetostrictive oscillator; 
the cup assembly was cooled to —3°. Whole cells and cell debris in the 
disrupted preparations were sedimented for 10 minutes at 900 to 1000 x g 
in a refrigerated centrifuge. Microscopic examination of the supernatant 
solution revealed no whole cells. Such cell-free extracts were used directly 
in the study of ammonia metabolism and transamination and in most of 
the experiments on the incorporation of amino acids into proteins. 

In certain later investigations of the incorporation of amino acids, the 
preparation described was fractionated into (a) a particulate fraction sedi- 
mented between 1000 and 15,000 X g, (b) a particulate fraction sedimented 
between 15,000 and 80,000 X g, and (c) the supernatant fraction remain- 
ing. These fractions were tested separately for their ability to incorporate 
amino acids, and, as only fraction (a) proved active, it was used in the 
experiments. e} 

Metabolism of Ammonia—N*H,NO; containing 60 atom per cent excess e 
N*® in the ammonium ion was distilled from alkaline solution into a mini- fc 
mal amount of sulfuric acid. The distillate was neutralized with NaHCO, ic 
prior to its addition to the cell-free extract. When a-ketoglutarate was d 
added, it was neutralized before addition. After the desired period of W 
incubation at 30°, the reaction was stopped by adding an equal volume of 


a 2 4 


= 


12 per cent TCA.! To complete precipitation of the protein, the mixture i) 
was kept at 10° for 3 hours. The precipitated protein showed no excess ) 
N’ after it had been thoroughly washed with acid and alkali. The super- t 
natant solution obtained after removal of protein was freed from ammonia W 

1 The following abbreviations are used: TCA, trichloroacetic acid; HDP, hexose q 
diphosphate; RNA, ribonucleic acid; DNA, deoxyribonucleic acid; AMP, ADP, ATP, \ 
adenosine mono-, di-, triphosphates; GMP, GDP, GTP, guanosine mono-, di-, tri- a 
phosphates; CMP, CDP, CTP, cytidine mono-, di-, triphosphates; UMP, UDP, UTP, \ 
uridine mono-, di-, triphosphates; and a-KG, a-ketoglutaric acid. c 
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by repeated vacuum distillation at a pH of about 9. Residual traces of 
free N'®H4*+ were swept out by addition of 0.1 ml. of 0.1 m (NH4).SO, solu- 
tion and reconcentration of the solution. Ammonia-free solutions were 
converted to N» and analyzed for N'* with a Consolidated-Nier mass 
spectrometer. 

Preliminary analysis of the ammonia-free solutions on a two-directional 
chromatogram revealed only a few free amino acids. Glutamic acid, gly- 
cine, alanine, valine, the leucines, and a trace of aspartic acid were present. 
There were traces of two or three other unidentified ninhydrin-positive 
compounds. No attempt was made to isolate all the individual amino 
acids. The ammonia-free solutions were applied as bands on 46.5 X 57 
em. sheets of Whatman 3 MM filter paper, and these were developed with 
phenol-water as solvent. Four bands were observed after the papers 
were sprayed lightly with ninhydrin; these carried aspartic acid, glutamic 
acid, glycine and alanine, and valine and the leucines. These compounds 
were eluted from the paper with water and were analyzed for N®. 

Transamination—Active transamination was observed in cell-free prepa- 
rations of A. vinelandii to which N"-labeled glutamic acid was added; 
in preliminary experiments the soluble nitrogenous constituents were sepa- 
rated partially by one-directional chromatography as described. In a 
more complete experiment, N’5-labeled glutamic acid was incubated with 
a-ketoglutarate, a mixture of twenty amino acids, and a cell-free extract. 
The reaction was stopped by adding HCl to bring the final concentration 
tol1.5 Mm. The solution was kept at 10° for 3 to 4 hours after acidification 
and centrifuged to remove protein, and the supernatant solution was hy- 
drolyzed with 6 N HCl under reflux for 24 hours. After removal of the 
excess of acid by repeated vacuum distillation, a portion of the solution 
containing approximately 100 mg. of N was put on a column of Dowex 50 
for fractionation. Methods employed for separation, purification, and 
identification of the nitrogenous constituents were essentially the same as 
described by Wall (9). The free amino acids, purines, and pyrimidines 
were analyzed for N’® after purification and identification. 

Incorporation of Amino Acids into Proteins—A preliminary experiment 
on incorporation of amino acids was carried out with a cell-free preparation 
of A. vinelandii to which were added N"-labeled glutamic acid, a mixture of 
twenty amino acids, ATP, and HDP. After 2 hours incubation, proteins 
were precipitated from the mixture with an equal volume of 12 per cent 
TCA. The precipitated proteins were washed thoroughly and repeatedly 
with dilute HCl, dilute NaOH, and finally with 10 per cent thioglycolic 
acid solution to remove amino acids adsorbed on the protein or associated 
with it through S—S linkages. By repeated washing, most of the isotopi- 
cally labeled material was brought into solution, but a residue of isotope 
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always remained with the proteins, presumably having been incorporated 
as an integral part of the proteins. 

The thoroughly washed protein was hydrolyzed with 6 N HCl for 24 
hours under reflux, and excess of HCl was removed by vacuum distilla- 
tion. The neutralized solution of amino acids was added to an Amberlite 
IR-4B column. The column was washed with CO,-free water to elute 
the neutral and the basic amino acids and with 1.5 n HCl to elute the dj- 
carboxylic amino acids. Bands of the two fractions (acid was removed 
from the second fraction) were subjected separately to one-directional 
paper chromatography. The individual bands separated were eluted and 
analyzed for 

In all other experiments, C™-labeled glutamic acid (0.8 ye. of C™ per 
mg.) or glycine (1.32 mc. of C' per mmole) was used. After thorough 
washing, the proteins were dried in a stream of air at room temperature, 
Requisite amounts of protein were oxidized in the wet combustion appara- 
tus described by Stutz and Burris (10) and were analyzed for total carbon 
as well as for C%. The C™ was counted as BaCQO;, and after the usual 
corrections were made, the activity was expressed in counts per minute per 
mg. of protein. 


RESULTS AND DISCUSSION 


Kinetic data presented in Fig. 1 and the results in Table I show that 
ammonia was metabolized very quickly by cell-free preparations of A. 
vinelandii. The rate of assimilation of ammonia decreased distinctly dur- 
ing 30 minutes (Fig. 1). In the absence of added a-ketoglutarate, the rate 
of assimilation was approximately one-fifth that in its presence; apparently 
the endogenous supply of a-ketoglutarate was quickly depleted. 

The rapid utilization of ammonia by cell-free preparations is in conform- 
ity with the results obtained with whole cells (1), for whole cells metabolize 
ammonia very quickly after a short, but detectable, lag period. This lag 
in the use of ammonia by intact cells (1) may be attributed to the finite 
time needed for the added ammonia to enter into the cells and to saturate 
the intracellular pool. Absence of any demonstrable lag in the utilization 
of ammonia by cell-free preparations emphasizes the likelihood that the 
short lag with intact cells arises because of blockage of ammonia penetra- 
tion by cellular barriers and suggests that ammonia is used immediately 
after it passes these barriers. Although the experimental conditions were 
not directly comparable, it is interesting to note that the rate of incorpora- 
tion of N'*H,+ by intact A. vinelandii (1) was only twice as rapid as by the 
cell-free preparations during the first 3 minutes of exposure to N'H,* and 
only 3.5 times as rapid during the first 5 minutes. 

Among the N'*-labeled amino acids isolated from the cell-free reaction 
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mixture, glutamic acid had the highest N** concentration in both the pres- 
ence and the absence of added a-ketoglutarate; its atom per cent excess 
was over 8 times as high in the former as in the latter treatment. The 
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Fic. 1. Variation with time in the concentration of N** in the ammonia-free solu- 
ble fractions remaining after separation of proteins from aliquots of a cell-free prepa- 
ration of A. vinelandii. To the cell-free extract were added 400 mg. of a-ketoglutaric 
acid (neutralized) and, at zero time, 18.5 mg. of IN'5H,*-N containing 60 atom per cent 
N'5 excess; the total volume of the reaction mixture was 40 ml. The mixture was 
incubated at 30°, and 10 ml. samples were removed at 3, 6, 12, and 30 minutes. 


TABLE I 


Utilization of N**H,* for Synthesis of Amino Acids by Cell-Free Preparation of A. 
vinelandii Exposed for 1 Hour in Presence and Absence of Added a-Ketoglutarate 


Atom per cent excess N* 


Without added a-KG a-KG added 


Glycine and alanine. ................. 
Valine and leucines................... 


TELE 
THT 


addition of a-ketoglutarate strongly favored the formation of glutamic 
acid, a result which indicates the presence of an active glutamic dehy- 
drogenase. Glutamic acid was the first organic nitrogenous product de- 
monstrable in the study of the kinetics of ammonia metabolism by whole 
cells of A. vinelandii (1). The sum of these observations again suggests 
that the main mode of assimilation of ammonia by this nitrogen-fixing 
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organism is through the formation of glutamic acid from a-ketoglutarate 
and ammonia. ‘The ready assimilation of ammonia by the cell-free prepa. 
rations of A. vinelandii and its formation of glutamic acid as a primary 
product add to the picture of ammonia as a key intermediate in nitrogen 
fixation. 

Once glutamic acid is formed, the other amino acids can originate from 
it, as is clear from the results of the transamination experiment presented 


TaB_e II 
Transamination by Cell-Free Preparation of A. vinelandii Incubated for 2 Hours with 
N'5-Labeled Glutamic Acid, Mixture of Twenty Amino Acids, 
and a-Ketoglutaric Acid 


Atom per cent Atom per cent 
excess N** excess 

Glutamic acid............ 4.625 Cystine 0.085 
he 0.359 Tyrosine and cytosine 0.570 
Serine and threonine..... 0.485 Histidine 0.011 
0.025 Lysine 0.024 
0.515 *‘Amide’”’ 1.246 
Leucine and isoleucine. .. 0.845 Uracil | 0.885 
Methionine.............. 0.435 Thymine | 0.325 
Phenylalanine............ 0.435 Xanthine 0.257 

Adenine and guanine 0.200 


The following reagents were added to the cell-free extract of A. vinelandii: 330 
mg. of N*5-labeled glutamic acid (7.5 atom per cent excess N'*), 300 mg. of a-keto- 
glutaric acid (neutralized), and 15 mg. each of the following twenty amino acids 
and amides: aspartic acid, asparagine, glutamine, cysteine, cystine, alanine, glycine, 
histidine, valine, leucine, tyrosine, phenylalanine, tryptophan, threonine, serine, 
isoleucine, arginine, lysine, proline, and methionine. Most of the amino acids 
added were in the Lt form, but with pL mixtures 30 mg. of each were added. The 
total volume was made to 35 ml., and the incubation was run for 2 hours. 


in Table II. All the amino acids, purines, and pyrimidines isolated from 
the cell-free preparation after hydrolysis were labeled with N", the sole 
source of which was added glutamic acid containing 7.5 atom per cent N® 
excess. Equal amounts of the amino acids were added, but free amino 
acids already were present in the system in various amounts, so that the 
results should not be interpreted as a quantitative representation of nor- 
mal transamination in the cell. It is apparent that the glutamic acid- 
alanine transamination was highly active in the cell-free preparations, 
contrary to our observation with whole cells (1). In contrast, trans- 
amination to form glycine was relatively much slower than in the intact 
cells. Formation of serine and threonine was vigorous both in intact and 
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in cell-free preparations. ‘The accumulation of N™ in aspartic acid showed 
that it can arise directly from glutamic acid. The basic amino acids char- 
acteristically acquired little N'® within 2 hours. The “amide” fraction 
consists of the free ammonia present in the system plus the ammonia 
originating from the amides and labile amino acids during acid hydrolysis. 
It would be of interest to isolate glutamine and asparagine directly to de- 
termine the true N'® concentration in their amide groups. 

All of the purines and pyrimidines isolated had considerable concentra- 
tions of N'®. As in the whole cells (1), uracil had the highest N' concen- 


Taste III 
Incorporation of N*5-Labeled Glutamic Acid into Proteins by Cell-Free Preparation of 
A. vinelandii Incubated for 2 Hours with Mixture of Twenty Amino Acids, 
N'’-Labeled Glutamic Acid, ATP, and HDP 


Atom per cent excess N'5 
Control Complete system 

Amino acids present in protein hydrolysate 


50 mg. of N'5-labeled glutamic acid and 3 mg. of each of the twenty amino acids 
listed in Table II were included in the reaction mixture, together with 10 mg. of 
the sodium salt of ATP and 15 mg. of the calcium salt of HDP. The total volume 
was adjusted to about 20 ml., and the mixture was incubated at 30° for 2 hours. In 
the control experiment, only N'5-labeled glutamic acid, without the amino acid 
mixture and energy sources, was added to the cell-free preparation. 


tration, higher than that of most of the amino acids. Since free purines 
and pyrimidines were not added to the system, the dilution factor was low. 
The organism has very active systems for synthesizing these heterocyclic 
compounds (1), and the systems remain active in the disrupted prepara- 
tions. It is a point of some interest that the amino group of glutamic 
acid is used so readily in the synthesis of purines and pyrimidines. 
Analysis of the hydrolysate of the protein formed by cell-free prepara- 
tions of A. vinelandii in the presence of N'-labeled glutamic acid showed 
that there was incorporation of the labeled amino acid under the conditions 
employed (Table II1). The amount of glutamic acid incorporated was 
considerably greater than that observed with C'-labeled amino acids; how- 
ever, the amounts of N'-labeled glutamic acid and other amino acids added 
were much higher than the levels added in the experiments with C-labeled 
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compounds. The virtual absence of incorporation of N'* in the controls 
without the amino acid mixture and the energy sources rules out the possj- 
bility that non-specific binding of the amino acids to the protein by ad- 
sorption or through S—S linkages accounts for the observed incorporation 
when the complete reaction mixture was present. Similar controls in the 
experiments with C-labeled amino acids gave comparable results (Table 
IV). 


TaBLe IV 


Effect of Added Compounds on Incorporation of Glutamic Acid-C™ into Protein by 
Cell-Free Preparation of A. vinelandii 


Incubation mixture 


C.p.m. per mg. protein 
Glutamate alone (control) 


os ATP, HDP 75 
“ mixture of 20 amino acids 80 
“oO “ ATP, HDP 160 
guanosine, cytidine, uridine 
Glutamate, mixture of 20 amino acids, ATP, HDP, adenylic, 200 
guanylic, cytidylic, uridylic acids 
Glutamate, mixture of 20 amino acids, ATP, HDP, adenine, 180 


guanine, cytosine, uracil 


2 ml. of the cell-free extract were used in each treatment, and the final volume of 
each was 3 ml. Glutamic acid (0.5 mg.) and 0.1 mg. of each of the twenty amino 
acids listed in Table II were added in each reaction mixture. In the control flask, 
glutamate alone was incubated with the cell-free extract. When listed, 2.5 mg. of 
the sodium salt of ATP, 5 mg. of the calcium salt of HDP, and 0.1 mg. of each RNA 
constituent were added. Incubation was for 2 hours at 30°. 


That the presence of both an energy source and a mixture of amino acids 
is essential to support a good rate of incorporation of amino acids is clear 
from the results presented in Table IV. Even in the absence of other added 
amino acids, glutamic acid was incorporated into the protein, and one must 
picture the use of the free amino acids naturally present in the cell-free 
preparation to visualize a net protein synthesis. (Gale and Folkes (4, 5) 
have discussed the criteria for net protein synthesis in detail.) This rate 
of incorporation, however, was almost doubled by inclusion of the amino 
acid mixture and the energy sources. The increased rate of incorporation 
was comparable to that observed by Webster and Johnson (6) with par- 
ticulate preparations from pea seedlings tested under similar conditions. 

Various constituents of RNA stimulated the incorporation of amino acids 
somewhat, but the best incorporation of glutamic acid was obtained in the 
presence of a mixture of ribonucleoside monophosphates. However, in a 
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later experiment with radioactive glycine (Table V), a mixture of nucleo- 
side triphosphates stimulated essentially the same as a mixture of mono- 
phosphates; little stimulation was observed with a mixture of diphosphates. 
Stimulation by the triphosphates could have arisen from their formation 
of monophosphates in the cell-free preparation, but the diphosphates 
should then show some activity. The results were unexpected, since Grun- 
berg-Manago et al. (11) have demonstrated that cell-free preparations of 
A. vinelandii have a nucleotide phosphorylase which utilizes nucleotide 
diphosphates as substrates. It is currently believed that the process of 
synthesis of RNA rather than the presence of intact RNA is associated 
with the synthesis of protein. 

The kinetics of the incorporation of glutamic acid-C"™ into protein (Fig. 


TABLE V 


Effect of Ribonucleoside Mono-, Di- and Triphosphate Mixtures on Incorporation of 
Glycine-2-C™ into Protein by Cell-Free Preparation of A. vinelandii 


C.p.m. per mg. protein 
Glycine, mixture of 20 amino acids, ATP, HDP 80 
CMP, UMP 
Glycine, mixture of 20 amino acids, ATP, HDP, ADP, GDP, 95 
CDP, UDP 
Glycine, mixture of 20 amino acids, ATP, HDP, GTP, CTP, 130 
UTP 


Particulate fraction (a) (see ‘‘Methods’’) was used, and the incubation was for 2 
hours. 


2) shows that the rate of uptake of labeled amino acid under optimal con- 
ditions was linear for an hour, dropped but slightly between 1 and 2 hours, 
and then decreased rapidly. This response is quite similar to that observed 
by Gale and Folkes (5) with preparations from S. aureus. 

Gale and Folkes (4, 5) observed, with disrupted cell preparations from 
S. aureus, that nucleic acids from the same microorganism, but not from 
other sources, stimulated amino acid incorporation and protein synthesis; 
DNA was more stimulatory than RNA. Webster and Johnson (6) found 
with subcellular particles from plant sources that commercial RNA stimu- 
lated amino acid incorporation into proteins, whereas DNA inhibited 
the process somewhat. In our preliminary experiments with cell-free ex- 
tracts containing endogenous RNA and DNA, added RNA (but not DNA) 
from commercial sources stimulated the incorporation of amino acids. 
Pretreatment with deoxyribonuclease inhibited the incorporation, whereas 
pretreatment with ribonuclease had little effect. However, in our later 
experiments with particulate fraction (a) (see “Methods’’) extracted with 
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1 m NaCl at 30° for an hour to remove nucleic acids, addition of commercia] 
RNA and DNA failed to restore the lost activity for incorporation of amino 
acids (Table VI). This result agrees with the observations of Gale and 
Folkes (4, 5). The lack of activation by RNA or DNA may result from 


CPM/MG. PROTEIN f 


250 


b 


100} 


SOF ,4 


MINUTES 


Fic. 2. Kinetics of incorporation of glutamic acid-C" into proteins by a cell-free 
preparation of A. vinelandii. 8 ml. of the cell-free extract were used, and the final 
volume was made to 12 ml.; 3 ml. samples were withdrawn at 30, 60, 120, and 180 min- 
utes. The reaction mixture contained glutamic acid-C™, a mixture of twenty amino ( 


acids (see Table II), ATP, HDP, AMP, GMP, CMP, and UMP. 


TABLE VI 

Effect of Treatment of Subcellular Particles from A. vinelandii with NaCl on Their I 

Ability to Incorporate Glutamic Acid-C"* into Protein When Incubated for 2 Hours 1 
in Presence of Mixture of Twenty Amino Acids, ATP, and HDP 


Protein 


Control, not treated with NaCl............. 180 


irreversible inactivation of enzymes during the treatment with NaCl, or 
from the necessity for homologous RNA or DNA for activation of prepara- 
tions from A. vinelandit. 


SUMMARY 


Cell-free preparations from Azotobacter vinelandii incorporated NH 
rapidly into amino acids, and the initial rate of incorporation decreased only 
to one-half in 30 minutes. The rate of N'5H,* uptake was stimulated about 


a 

150 

60 120 

| 

C.p.m. per mg. 


D. P. BURMA AND R. H. BURRIS 733 


5-fold by the addition of a-ketoglutarate. As in the intact cells, glutamic 
acid had the highest concentration of N'® among the amino acids isolated. 
Unlike the intact cells, the cell-free preparations exhibited no lag in their 
incorporation of 

The cell-free preparations contained active transaminases, for they trans- 
ferred N!® directly or indirectly from glutamic acid-N' to each of fifteen 
amino acids as well as to six purines and pyrimidines isolated. 

Glutamic acid-N?5, glutamic acid-C™, and glycine-C™ were incorporated 
into proteins by cell-free preparations from A. vinelandii. This incor- 
poration was stimulated by added amino acids, adenosine triphosphate 
plus hexose diphosphate, and ribonucleoside mono- or triphosphates. The 
rate of incorporation of glutamic acid-C" into protein was linear for an hour, 
but dropped rather rapidly after 2 hours. 
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STIMULATION BY DINITROPHENOL OF FORMATION OF 
MELANIN-LIKE SUBSTANCE FROM TYROSINE BY 
RAT LIVER HOMOGENATES* 


By HENRY KAMIN, MILDRED A. KOON, ann PHILIP HANDLER 


(From the Radioisotope Unit, Veterans Administration Hospital, and the 
Department of Biochemistry, Duke University School of Medicine, 
Durham, North Carolina) 


(Received for publication, August 17, 1956) 


In the course of studies of the “incorporation” of C'-labeled phenyl- 
alanine into protein of rat liver homogenate, it was noted that DNP! 
markedly accelerated the uptake of radioactivity. Dilution with carrier 
tyrosine indicated that tyrosine was on the pathway of formation of the 
‘“incorporated” material. Subsequent studies indicated that, in the 
presence of DNP, the protein-bound material was not tyrosine itself, but 
a melanin-like material. Preliminary reports of these studies have ap- 
peared (1, 2). 


EXPERIMENTAL 


Materials and and 
were obtained from Tracerlab, Inc., and were used without further pu- 
rification. HGA and DOPA were commercial samples, obtained from 
the Bios Laboratories, Inc., and the Eastman Kodak Company, respec- 
tively. DNP, nitro compounds, polyphenols, and quinones were recrystal- 
lized before use. If unstable in water solution, they were dissolved in 
alcohol or ether and evaporated in the reaction vessel. 

In most cases homogenates were prepared according to Winnick et al. 
(3). ‘The suspending medium contained, in millimoles per liter, sodium 
155, potassium 7.3, calcium 2.8, magnesium 2.3, chloride 130, bicarbonate 
30, dihydrogen phosphate 7.3, sulfate 2.3, citrate 0.8, and glucose 5.6. 
Liver was homogenized with 1.5 parts of this medium and diluted to 400 
mg., wet weight, per 2.5 ml. of suspension. No differences were discernible 
when 0.05 mM potassium phosphate, pH 7.8, was used in place of the above 
medium. Unless otherwise noted, incubations were performed for 120 
minutes at 37° in a Dubnoff apparatus. After incubation, protein was 
precipitated with 12 per cent TCA containing 0.1 per cent carrier amino 


* Supported in part by grant No. B906 from the National Institutes of Health. 

1 The following abbreviations are used in the text: DNP, 2,4-dinitrophenol; TCA, 
trichloroacetic acid; HGA, homogentisic acid; DOPA, 3,4-dihydroxyphenylalanine; 
ATP, adenosine triphosphate. 
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acid, and washed three times in a centrifuge tube with 5 per cent TCA 
containing carrier amino acid, three times with hot 3:1 alcohol-ether 
mixture, and once with acetone. Petroleum ether was then added, and the 
suspension transferred with medicine droppers to tared Pyrex planchets, 
where the petroleum ether was allowed to evaporate, leaving a smooth 
white precipitate suitable for counting. Counting was performed in a 
Geiger region windowless flow counter, with use of self-absorption curves 
prepared from mixtures of radioactive and non-radioactive glycine. For 
absolute activity measurements, the protein was weighed in its tared plan- 
chet, the counts were corrected for self-absorption and counter efficiency, 
and the data expressed as disintegrations per minute (d.p.m.). 


Results 


When pt-phenylalanine-3-C (0.67 umole; 7.4 * 105 d.p.m.) was incu- 
bated with 2.5 ml. of liver homogenate (75 gm. of protein) under standard 
conditions for 120 minutes, the final protein contained 3100 d.p.m. In the 
presence of 10-* m DNP, this value varied from 3800 to 23,000 d.p.m. 
Zero time controls consistently gave fewer than 10 to 20 per cent of the 
counts present after incubation, in both the presence and the absence of 
added DNP. Since phenylalanine is converted into tyrosine in the liver 
(4-6), these experiments were repeated in the presence of unlabeled carrier 
tyrosine. As shown in Table I, the entire increment of radioactivity caused 
by DNP wasabolished by tyrosine, and, indeed, in the presence of tyrosine, 
DNP inhibited the uptake of labeled phenylalanine. In the absence of 
DNP, carrier tyrosine inhibited phenylalanine uptake by 15 per cent, 
suggesting that not more than this portion of radioactivity ‘‘incorporated” 
was derived from tyrosine. 

The effect of DNP concentration on uptake of tyrosine radioactivity is 
shown in Table II. Maximal acceleration occurred at 1.6 XK 10-* m DNP; 
the diminished uptake at the highest DNP concentration (3.2 & 10-3 m) 
was a consistent finding. It can be seen in Fig. 1 that a lag period was 
present before the DNP effect was noted. Preincubations with either 
tyrosine or DNP diminished this lag significantly, with DNP somewhat 
more effective, but in neither case was it abolished. 

Effect of Other Substances upon Uptake of Radioactivity from Tyrosine— 
The effect of various compounds upon uptake of radioactivity from tyro- 
sine by the proteins of rat liver homogenate is indicated in Table III. 
DNP was most active; malonate, methylene blue, and azide also showed 
considerable activity. Ascorbic acid, cysteine, and reduced glutathione 
were inhibitory, and a-ketoglutarate produced a small but consistent 
increment. When ascorbic acid and a-ketoglutarate were added together, 
the a-ketoglutarate stimulation was not manifest. ATP caused a slight 
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and variable stimulation while Versene was without effect. Cyanide 
inhibited uptake of radioactivity by about 50 per cent, as did the replace- 
ment of oxygen by nitrogen, which also markedly counteracted the stimula- 
tory effect of DNP. 


TaBLeE I 
Effect of Carrier L-Tyrosine on Uptake of pt-Phenylalanine-3-C™ by Rat 
Liver Protein in Presence and Absence of DNP 
The incubation was performed in the medium of Winnick et al. (3) as described in 
the text, with addition of pt-phenylalanine-3-C™ (0.66 wmole; 7.4 X 105 d.p.m.). 
The mixture was incubated for 120 minutes at 37° in 95 per cent O2-5 per cent COs. 
2 mg. of L-tyrosine were added as carrier. 


Addition No DNP 1 10°? DNP 
c.p.m. c.p.m. 
Carrier 113 88 
TaBLeE II 


Effect of DNP Concentration upon Uptake of pt-Tyrosine-2-C™ by Rat Liver Proteins 

Each vessel contained 0.4 gm. of liver homogenate (approximately 75 mg. of pro- 
tein) and pL-tyrosine-2-C" (7.4 X 10° d.p.m.; 0.79 umole) made up to 2.5 ml. in the 
medium of Winnick et al. (3). The mixture was incubated for 120 minutes at 37° 
in 95 per cent O2-5 per cent COs>. 


DNP concentration Protein 
M d.p.m. per mg. 
0 41 
4X 10-5 113 
1.6 X 10-4 459 
4X 10-4 870 
1.6 X 107-3 1067 
3.2 X 10-3 951 


Nature of Radioactive Material Associated with Protein—Liver protein 
was obtained in the usual manner after radiotyrosine incubations in the 
presence and absence of DNP. After prolonged dialysis against water 
failed to remove the radioactive material, samples of protein were hydro- 
lyzed with 6 N HCl in the presence of known amounts of carrier tyrosine. 
Tyrosine was isolated, recrystallized, and counted, the counts being cor- 
rected for self-absorption and for the fraction of the initially added tyrosine 
actually isolated. The data are shown in Table IV. The excellent re- 
covery of radiotyrosine, added to inactive protein prior to hydrolysis, 
establishes the validity of the method. 
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Fic. 1. The time-course of uptake of radioactivity from pL-tyrosine-2-C"™ by rat 
liver proteins in the presence of DNP and HGA. Conditions as in Table II. 
TABLE III C 
Effect of Various Compounds upon Uptake of pt-T yrosine-2-C™ by Rat Liver Proteins 
Incubations were performed as in Table II. 
Addition Protein Addition Protein f lr 
d. p.m. d.p.m. 
None 66 | None 72 
DNP 1 1073 573 | DNP 1 10-3 461 
Malonate 4.5 10°? | 205 | Fluoride 1 X 10°? 64 
Methylene blue | 1 X 107-3 152 pe 
Cyanide 2 X 10-3 35 | None 60 te 
Ascorbate 5 10-3 42 | Thyroxine 1 10-* 58 
None 102 | None 55 m 
Cysteine 2.5 X 1073 61 | Phenylthiourea | 5 X 10-*-1 K 10-*| 49-5l pc 
Glutathione 4x 1073 41 in 
gr 
None 133 | O2 42 (F 
DNP 1 x 10°? 1460 | N;2 22 
Azide 1 x 10-3 250 | O2, DNP 1x 10° 251 
5 107-3 333 | Ns, “ 1 10-3 34 
1 X 10°? 269 m 
a-Ketoglutarate | 5 XK 107? 167 isc 


5000. 
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These data indicate that, whereas 25 to 30 per cent of the counts asso- 
ciated with protein incubated with radiotyrosine represents actual tyrosine, 
this amino acid accounted for less than 5 per cent of the protein counts 
when DNP was added to the incubation mixture. Indeed, the entire 
increment in activity due to DNP disappeared, and a slight inhibition was 
apparent when only tyrosine counts per se were measured. The above 
data were confirmed by column chromatography of protein hydrolysates 
with acid Dowex 50 (7); in the protein from incubations with DNP, only 
a small fraction of the initial radioactivity was associated with the tyrosine 


TaBLe IV 
Recovery of Radioactive Tyrosine from Rat Liver Protein Hydrolysates 


“Control” and “‘DNP” incubations were performed as in Table II. At the end 
of the incubation, 25 ml. of 6 N HCl and 25 or 50 mg. of L-tyrosine, as indicated, were 
added, the mixture was hydrolyzed, and tyrosine was isolated, recrystallized, and 
counted. In the ‘Inactive protein’’ experiment, a similar incubation and isolation 
were performed with the omission of tyrosine-C from the initial incubation mix- 
ture, but with addition of this material together with indicated carrier tyrosine after 
addition of 6 Nn HCl. 


Total _ Protein 
még. d.p.m d.p.m. per cent 
Control 25 4,643 1,408 30 
50 4,677 1,149 25 
DNP 25 23,540 750 3.2 
50 23 ,640 1,130 4.8 
Inactive protein hydrolyzed 25 73, 500T 68 ,990 94 
with tyrosine-2-C™ 50 73, 500T 70,790 96 


* Corrected for amount of tyrosine actually isolated. 
+t Tyrosine d.p.m. added to hydrolysis mixture. 


peak. Most of the radioactivity remained on the column even after ex- 
tensive washing with 6 nN HCl. 

It had also been noted that the final protein samples prepared for count- 
ing were occasionally darkened, and that this darkening was roughly pro- 
portional to the radioactivity in the sample. When samples of protein 
incubated with radiotyrosine and DNP were hydrolyzed and chromato- 
graphed on paper with phenol-water, a diffuse dark brown spot was obtained 
(Rr 0.42); this spot coincided with the radioactive peak recorded in a strip 
counter. ‘These findings strongly suggest a melanin-like material. 

Effect of Tyrosine Metabolites—In an attempt to ascertain possible inter- 
mediates between tyrosine and the protein-bound radioactive material, an 
isotope dilution experiment was performed in which possible intermediates 
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were added in the presence of radiotyrosine. The results are shown in | 
Table V. p-Hydroxyphenylpyruvie acid and pL-thyronine had no effect, 
whereas DOPA and HGA exerted a marked stimulation, exceeding that of ( 
DNP. When DOPA was incubated with liver in the presence of both DNP ‘ 
and radiotyrosine, the effects were somewhat less than additive. Protein 
precipitates from DOPA and HGA were markedly darkened. 

Catalysis of Formation of Melanin-Like Material—The stimulation of 
“melanin” formation from radiotyrosine by DNP appears to involve an 
enzymatic step. Heating the liver abolished the DNP effect, and DNP F 
stimulation was absent in brain. The action of HGA differs from that of f 


TABLE V 


Effect of Tyrosine Metabolites upon Accumulation of Radioactivity from 
Tyrosine-2-C'4 in Proteins of Rat Liver Homogenates 


Incubations were performed as in Table II. 


Additions 

M ¢.p.m. 

None 98 
DNP 1 X 1073 452 
Thyronine 1.4 X 75 
p-Hydroxyphenylpyruvic acid 2.2 X 10° 101 
DOPA 2X 10-5 110 
1 X 134 

4X 172 

2X 644 

1 10° 1007 
Homogentisic acid 2.4 X 10°% 1718 
DOPA 2X 10°? + DNP 1 X 10°’ 713 


DNP in that the time-radioactivity curve (Fig. 1) shows little or no lag 
period, and a large fraction of homogentisic acid ‘‘activity”’ remained when 
incubations were performed with heated liver. In fact, when radiotyrosine 
and homogentisic acid were incubated together in buffer and heated protein sil 
was added at the end of the experiment to adsorb any melanin formed, a 
considerable fraction of the activity was associated with the protein (Table D 
VI). 
The activity of DOPA and HGA suggested that their action may be a ty 
general property of polyphenols, quinones, and similar compounds. It ty 
was also desirable to know whether the action, if any, of such compounds 


was dependent upon enzymatic activity. The data obtained are sum- ty 
marized in Table VI. In these experiments, heated protein was added th 
at the end of the incubation to entrap radioactive material; the mixture of 
plus inactive protein was precipitated, washed, and counted, as under fr 
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“Materials and methods.” It can be seen that the compounds listed in 
Table VI fall roughly into three groups: those whose activity was (a) 
completely dependent upon the presence of enzyme (phenol, nitrophenols, 
and phenylenediamines), (b) partially dependent upon enzyme (HGA, 


TABLE VI 


Effect of Liver versus Buffer Incubations upon Conversion of 
Tyrosine-2-C™ to Protein-Bound Material 
The liver homogenate and buffer runs, with the exception of those indicated by a 
dagger, represent the average of several experiments; incubations in buffer were per- 
formed on different days from those with liver homogenate. Conditions were the 
same as those in Table II, with the substitution of potassium phosphate buffer, 0.05 
am, pH 7.8, for the medium of Winnick et al. (3). 


Compound added* Liver homogenate Buffer 
C.p.m. c.p.m 
None 95 32 
DNP 1277 26 
o-Phenylenediamine 395 1 
p-Phenylenediamine 1623 20 
o-Nitrophenol 305 26 
p-Nitrophenol 305 24 
Phenol 333 9 
Homogentisic Acid 4747 1562 
DOPA 3325 953T 
p-Naphthoquinone 1628 738 
Menadione bisulfite 3000 369T 
Hydroquinone 4175 6637 
Quinone 6091 8395 
Catechol 4899 4122 
p-Aminophenol 1374 1869 


* 25 umoles of DNP; 1 mg. of all others. 
t Incubations were performed in the presence of heated liver; fresh liver was run 
simultaneously. 


DOPA, and naphthoquinones), or (c) independent of enzyme (hydro- 
quinone, quinone, catechol, and p-aminophenol). Phenylthiourea, a 
tyrosinase inhibitor (8), had no effect upon “melanin” formation from 
tyrosine either alone or in the presence of DNP, DOPA, or HGA. 

The rate of non-enzymatic formation of radioactive melanin from 
tyrosine-C' and HGA varied with pH (Fig. 2) in a manner which paralleled 
the spontaneous darkening of HGA solutions, suggesting the participation 
of a quinonoid intermediate. Like the enzymatic formation of melanin 
from tyrosine-C"™ in the presence of DNP, the non-enzymatic formation of 
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radioactive polymer was also dependent upon oxygen. When incubations 
were performed in nitrogen, polymer formation in the presence of HGA, 
hydroquinone, and p-aminophenol was depressed 45, 68, and 98 per cent, 
respectively, while the effect of quinone was depressed only 30 per cent. 


2000. 


1000 | 


COUNTS PER MINUTE 


500. 


55 60 65 70 7.5 60 

pH 
Fic. 2. The effect of pH on non-enzymatic melanin formation from p.L-tyrosine- 
2-C'4 in the presence of HGA. The medium contained tyrosine (7.4 X 10° d.p.m.; 
0.9 umole) and 6 ymoles of HGA in 1.5 ml. of 0.5 m phosphate buffer of indicated pH. 
The solution was incubated in air for 120 minutes at 37°, and boiled liver (400 mg., 
wet weight) in 1 ml. was added at the end of the incubation to adsorb the melanin. 


DISCUSSION 


The protein-bound radioactive material formed upon incubation of 
radiotyrosine with a variety of materials, including DNP, has the properties 
of a melanin. Since melanins can be formed from a variety of precursors 
(9, 10), the radioactive material formed in different experiments may have 
varying structures. Furthermore, since these melanins could have differ- 
ent tyrosine contents, the protein-bound radioactivity found in a given 
experiment may not be a true measure of the quantity of melanin formed. 

In the presence of oxygen, melanin formation proceeded non-enzymati- 
cally from radiotyrosine in the presence of hydroquinone, quinone, catechol, 
and p-aminophenol. Quinone-amino acid conjugation has been studied 
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extensively by Jackson and Kendal (11); Mason (9) and Lerner (10) have 
reviewed these reactions, as well as polymerization, and the binding of 
melanin polymers to proteins. Lerner (10) considers semiquinones as 
possible intermediates in the formation of melanins from polyphenols. 

Interest in the present studies centers about the enzymatic steps for 
melanin formation from those compounds in Table VI, participation of 
which was completely or partially enzyme-dependent. ‘Tyrosinase could 
convert both tyrosine and polyphenols to quinones which could polymerize, 
but this enzyme has never been demonstrated in rat liver, and the rats 
used in this study were albino. Furthermore, phenylthiourea, a tyrosinase 
inhibitor (8), had no effect upon melanin formation from tyrosine alone 
or in the presence of DNP, DOPA, or HGA. There appears to be no 
correlation between the activities of the compounds in Table VI with 
respect to melanin formation and their activities as substrates or activators 
of tyrosinase (12). There is no evidence that tyrosine itself serves as sub- 
strate for the enzymes whose operation permits melanin formation in the 
presence of DOPA, HGA, DNP, and the other compounds listed in Table 
VI. Rather, it appears likely that, in the presence of an appropriate 
enzymatic oxidizing system, the latter compounds participate in melanin 
formation in a manner analogous to the non-enzymatic but oxygen-depen- 
dent formation of melanin from tyrosine and hydroquinone, catechol, or 
p-aminophenol. 

Since the cytochrome system can oxidize DOPA to DOPA quinone 
(13, 14), and phenylenediamine has long been known as a substrate for 
cytochrome oxidase, it may be that the cytochromes permit melanin for- 
mation by accelerating the oxidation of the relatively sluggishly autoxidi- 
zable polyphenols. Transfer of a single electron from a polyphenol to a 
cytochrome would yield a semiquinone which could then copolymerize 
with tyrosine to form the observed radioactive melanin. 

In these studies, ‘‘uncoupling”’ of oxidative phosphorylation was not a 
prerequisite for activity; DOPA was found not to uncouple, and HGA was 
a less effective uncoupler than DNP, although its effect on melanin forma- 
tion was greater. However, the converse need not be true: the enzymatic 
conversion of DNP to a compound active in stimulating melanin forma- 
tion could involve steps in common with the uncoupling action of the drug. 
The possibility that a semiquinone derivative of DNP may be formed by 
interaction with components of the electron transport system may be 
pertinent to the mechanism of uncoupling. It is of interest that prelimi- 
nary experiments in this laboratory have indicated that the binding of C"- 
labeled picric acid to mitochondrial proteins is markedly enhanced by the 
addition of oxidizable substrates under conditions which permit oxidative 
phosphorylation. 
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SUMMARY 


2,4-Dinitrophenol (DNP), mononitrophenols, DOPA, homogentisic 
acid (HGA), and various polyphenols, quinones, aminophenols, and 
phenylenediamines markedly increased the uptake of tyrosine-C™ by pro- 
teins of rat liver homogenate with formation of a melanin-like substance. 
This stimulation was either independent of enzymatic activity (hydro- 
quinone, quinone, catechol, p-aminophenol), partially dependent (HGA, 
DOPA, naphthoquinone, menadione bisulfite), or completely dependent 
upon enzymatic activity (DNP, nitrophenols, phenol, phenylenediamines). 
In the absence of additions, 30 per cent of tyrosine counts associated with 
protein was recovered as tyrosine. 

It is suggested that the enzymatic steps involved entail conversion of 
DNP, nitro, and quinonoid compounds to quinones or semiquinones or both 
with subsequent copolymerization with tyrosine. The implications of 
these findings with respect to the role of DNP in uncoupling of oxidative 
phosphorylation are discussed. 
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THE CONVERSION OF t-THREONINE TO THE 
D,-1-AMINO-2-PROPANOL OF VITAMIN B,2* 
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(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York, New York, and Merck Sharp and Dohme 
Research Laboratories, Rahway, New Jersey) 


(Received for publication, October 15, 1956) 


The recent formulation (1, 2) of the structure of vitamin B,2 prompts us 
to report an investigation conducted several years ago on the origin of its 
aminopropanol component. Previous studies on the metabolism of L-thre- 
onine in rats had shown that it was cleaved mainly to acetate and glycine 
(3,4). The decarboxylation of threonine to the corresponding amine could 
not be demonstrated, within the limits of the experimental approach used, 
since there was no evidence for a significant conversion of threonine to a 
3-carbon acid such as propionic or pyruvic acid (3, 4). However, the dis- 
covery (5-7) of p,-l-amino-2-propanol' among the hydrolytic products of 
vitamin By: suggested that the decarboxylation of L-threonine might occur 
in some organisms. In order to test this possibility, the biosynthesis of 
vitamin Biz was studied in the presence of L-threonine-N!*. The amino- 
propanol showed a high incorporation of N!, indicating the conversion of 
threonine to its corresponding amine. Although the decarboxylation of 
serine has long been known (8), this appears to be the first evidence for a 
decarboxylation of threonine. 


EXPERIMENTAL 
Accumulation and Isolation of Vitamin By: 


Vitamin B,2 was isolated from the culture filtrates of a grisein-producing 
strain of Streptomyces griseus (9, 10). For preparing an inoculum this or- 
ganism was grown on 1 per cent N-Z amine (type A)? and 0.6 per cent Difco 
beef extract in distilled water (adjusted to pH 6.5 to 7.0 with NaOH). To 
each of three 3.2 liter batches of sterile 6 per cent distillers’ solubles,* ad- 
justed to pH 6.5 to 7.0 with NaOH, were added 150 ml. of inoculum and 


* This work was supported by grants from the American Cancer Society on recom- 
mendation of the Committee on Growth of the National Research Council, and the 
National Institutes of Health, United States Public Health Service. 

1 Configurationally related (as is the 8-carbon of L-threonine) to p-glyceraldehyde. 

2 An enzymatic digest of casein manufactured by Sheffield Farms Company, Inc. 

3 Distillers’ solubles are the dried product obtained after screening solids from dis- 
tillery operations. 
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approximately 320 mg. of L-threonine-N'® (32 atoms per cent N?!® (8)). 
The total volume was 10 liters containing 966 mg. of labeled threonine. 

After 96 hours incubation at 28-29° under conditions of agitation and 
aeration, the culture was acidified, organisms were removed by filtration, 
and vitamin By: was isolated from the filtrate (11). The final product, 
after crystallization from aqueous acetone, had a characteristic vitamin 
Bie spectrum (12), and countercurrent analyses (13) indicated 90 to 93 per 
cent vitamin Bis, 1 to 2 per cent hydroxocobalamin, and 6 to 8 per cent of 
a component extractable by benzyl alcohol. On the basis of 90 per cent 
purity, the yield was 4.45 mg. of vitamin By. After conversion to chloro- 
cobalamin (14, 15), the spectrum (16) corresponded to 4.35 mg. of the lat- 
ter compound. The yield of cyanide (15) produced in this conversion 
corresponded to 4.0 mg. of vitamin B,2, which is in good agreement with 
the spectrophotometric analyses. 


Degradation of Vitamin B,2 and Isolation of Products 


Preparation of Buffered Amberlite IRC-50 Resin—300 gm. of Amberlite 
IRC-50 were stirred with 2 liters of 4 per cent NaOH for 1 hour, separated 
by decantation, and washed with H2O until the washings were neutral. A 
300 ml. bed of this resin in a column was treated with 1.5 liters of sodium 
acetate buffer, pH 6.5, and back-washed with H2O (about 800 ml.) until 
only a slight turbidity formed when tested with AgNO; at pH 6. After 
the first 100 ml., the washings had a pH of 10.5. 

Hydrolysis of Chlorocobalamin—aA solution of 36 mg. of unlabeled vita- 
min By (dried at 100° in vacuo) in 36 ml. of 0.1 N HC] (in an aeration tube 
cooled in running water) was irradiated for 24 hours with a 100 watt tung- 
sten lamp placed a few inches away (15). The evolved HCN was removed 
in a stream of Ne and absorbed in dilute NaOH. To the resulting chloro- 
cobalamin were added 3.6 mg. of the N?!®-labeled chlorocobalamin, the 
solution was evaporated in vacuo to dryness, and the residue hydrolyzed 
for 6 hours with 5 ml. of 6 N HCl on a steam bath under reflux. After 
removal of HCl in vacuo, the residue was taken up in water and filtered to 
remove insoluble material (humin). The filtrate was concentrated to 15 ml. 

Separation of Hydrolysis Products—The solution was placed slowly on 
a 15 X 1 cm. column of the buffered IRC-50 resin. Washing with 50 ml. 
of H,O (2 hours) removed all of the red material except for a dark red band 


* Under these conditions of hydrolysis the 5,6-dimethylbenzimidazole is obtained 
as a mixture (17, 18) of the riboside, which is considerably less basic than the free 
imidazole (19), and the acidic ribotide. Forthe subsequent separation of the bases on 
Amberlite IRC-50 (see below), it was preferred to avoid a more drastic hydrolysis, 
since it was found that 5,6-dimethylbenzimidazole is partly retained by this resin, 
and that its quantitative removal with large volumes of water resulted in a 10 to 15 
per cent loss of aminopropanol. 
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at the top of the column. The effluent contained the 5,6-dimethylben- 
zimidazole riboside and ribotide (17) and the acidic cobalt complex. 
Ammonia and aminopropanol were eluted from the column with 60 ml. 
of 0.38 N HCl and 30 ml. of H2O. The combined solutions were evaporated 
in vacuo to a small volume, 7 ml. of 10 per cent NaOH were added, and 
NH; was removed by aeration (yield, 2.55 mg. of N). The alkaline solu- 
tion was treated with 3 ml. of 0.42 m NalQO,, and ammonia resulting from 
aminopropanol was obtained by steam distillation (yield, 0.40 mg. of N).5 
The aqueous solution of cobalt complex and benzimidazole derivatives 
was evaporated to dryness and heated in a sealed tube with 5 ml. of 6 N 
HCl at 150° for 20 hours (in order to obtain the free benzimidazole (20)). 
The hydrolysate was filtered, taken to dryness, made alkaline with 5 ml. 
of 10 per cent NaOH, and aerated to remove NH; (yield, 0.30 mg. of N). 
The alkaline solution was extracted five times with CHC]; in order to 
remove the 5,6-dimethylbenzimidazole. The red aqueous solution (con- 
taining the acidic cobalt complex), the combined insoluble residues from 
both hydrolysates, and the benzimidazole were digested overnight with 
H.SO, and HgSO,, and NH; was collected. The yields of nitrogen were 
benzimidazole 0.34 mg.; complex 1.10 mg.; humin 0.44 mg. N!5® concen- 
trations of all ammonia samples were determined in the usual manner (21). 
A sample (125 ml.) of the fermentation broth, remaining after isolation 
of the vitamin, was treated with an equal volume of saturated K2CQ; solu- 
tion and aerated for 6 hours to remove NH;3. After the addition of 50 ml. 
of 0.42 m NalQO, solution, NH; was collected by aeration for another 4 
hours (yield of hydroxyamino N, 0.70 mg.). 


RESULTS AND DISCUSSION 


The results of the degradation of the labeled chlorocobalamin are shown 
in Table I. Although the recovery of total nitrogen (12.6 versus 13 atoms 
theoretical) was nearly quantitative, only the aminopropanol fragment 
yielded the theoretical amount of nitrogen, 2.e. 1 atom. The expected 
yield of 6 molecules of ammonia from an acid hydrolysis of vitamin Bye 
(1, 2) is more closely realized at 100° than at 150°. The low recovery of 
nitrogen from the cobalt complex (theory 4 atoms) is readily explained by 
the high yield of ammonia and the formation of insoluble residues (humin). 
If the low yield of 5,6-dimethylbenzimidazole is due in part to incomplete 


5 It was found that neither NH; nor aminopropanol is removed from the buffered 
Amberlite IRC-50 under the conditions used for removing the red complex. Further- 
more, the two bases were shown to be quantitatively separated by the procedure 
described in the text. 

* The recovery of nitrogen and the N’5 values of the various fractions confirm the 
presence of only 1 molecule (22) of aminopropanol in vitamin By: (cf. Chargaff 
et al. (23) and Armitage et al. (24)). 
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separation from the cobalt complex, then the recovery of the latter is still 
lower than the value indicated. 

The N'® values in Table I show clearly that threonine nitrogen is very 
effectively incorporated into aminopropanol, the utilization for this frag- 
ment being nearly 10 times higher than that for the other portions of vita- 
min Biz. Unless some unusually specific nitrogen transfer reactions are 


TABLE I 
Utilization of u-Threonine-N'® for Biosynthesis of Vitamin 
Recovery of N Concentration of N15 
Source Compound analyzed Ne 
Amount Observed | Correctedt 
Found | Theory 
mg. atom per cenit atom per cent 
excess excess 
Chlorocobalamin{ | NH; (100°) 2.55 | 6.3 6 0.023 0.25 
(150°) 0.30 | 0.7 
Aminopropanol 0.40 | 1.0 1 0.20 2.2 
5,6-Dimethylben- 0.34 | 0.8 2 0.03 0.3 
zimidazole 
Cobalt complex 1.10 | 2.7 4 0.029 0.32 
Humin 0.44 1.1 0 0.02 0.2 
Broth NH; 0.152 0.152 
Hydroxyamino N 0.39 0.39 


* Calculated on the assumption that the most likely formula for cyanocobalamin 
is Ces3H 990 14PCo, molecular weight 1357 (1,2). The figures refer to chlorocobala- 
min, molecular weight 1367. 

t The labeled vitamin B:2 was diluted eleven times prior to degradation (see under 
‘‘Experimental’’). 

t The cyanide (3 zmoles) obtained during the conversion of the undiluted vitamin 
B,: to chlorocobalamin was diluted 20-fold with normal cyanide and fused with NaOH 
in a stream of Nz. Theresulting NH; (quantitative yield) had a normal abundance 
of N15. This is to be expected in view of the addition of normal cyanide to the nu- 
trient medium (11). 


involved, this suggests the conversion of threonine to the corresponding 
amine, by decarboxylation. 

The N' results may be further considered in the light of the nitrogen 
and threonine content of the medium. The distillers’ solubles were found 
to contain 4.06 per cent N, <0.025 per cent free L-threonine, and 0.87 per 
cent bound threonine.? The beef extract contained 8.8 per cent N, and 


7 We are indebted to Mr. R. N. Boos and Dr. J. J. Mayernik of the Merck Sharp 
and Dohme Laboratories for these analyses. w-Threonine was determined with 
Streptococcus faecalis by the turbidimetric method (25). 
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the N-Z amine 11.8 per cent N.’ The threonine content of the inoculum, 
due to the N-Z amine, can be estimated as 0.2 gm. (26). It may therefore 
be calculated that at the outset the medium contained 24.2 gm. of N and 
5.2 gm. of unlabeled, bound threonine. At the end of the fermentation, 
the N'® concentration of the broth ammonia was 0.15 atom per cent excess. 
This is almost exactly the value to be expected if the 114 mg. of labeled 
threonine nitrogen had been completely equilibrated with the total nitrogen 
of the medium. If it be assumed that the labeled and the unlabeled, bound 
threonine were biologically equivalent, then the average N'® concentration 
of the exogenous threonine was 5.0 atom per cent excess. Since the amino- 
propanol contained about 2 atom per cent excess N!®, it would appear, 
according to the foregoing assumption, that 40 per cent of the amine was 
derived from threonine present in the medium and 60 per cent from newly 
synthesized threonine or other sources. 


SUMMARY 


The biosynthesis of vitamin Bz by a strain of Sireptomyces griseus was 
studied in the presence of L-threonine-N'*®. A procedure for the separation 
of the various nitrogenous constituents of vitamin Bz: was developed and 
applied to the isolated vitamin. It was found that the aminopropanol had 
a high concentration of N!5, indicating its formation by the decarboxylation 
of threonine or a closely related derivative. 


We acknowledge with pleasure many helpful discussions with Dr. K. 
Folkers, Dr. D. E. Wolf, and Dr. G. E. Boxer of the Merck Sharp and 
Dohme Research Laboratories, and to Dr. Boxer for the determination of 
cyanide liberated from the vitamin B;:-N'®. The interest of Dr. E. O. 
Karow of these same laboratories in supervising the fermentation aspects 
of this work is also gratefully acknowledged. 
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THE NON-ENZYMATIC OXIDATION OF a-KETOGLUTARATE* 
II. THE PRODUCTS OF THE REACTION 


By JOSEPH J. RACKISf anp GEORGE KALNITSKY 


- (From the Department of Biochemistry, College of Medicine, 
State University of Iowa, Iowa City, Iowa) 


(Received for publication, July 23, 1956) 


In a previous communication we reported on the oxidation of a-keto- 
glutarate, catalyzed by Mnt** ions (with no enzyme present) and further 
accelerated by amino acids of which threonine was the most effective (1). 
This report demonstrates that this oxidation can also be catalyzed by 
Cot+, but under these conditions is inhibited by amino acids. In addi- 
tion, the diverse products of the Mn*+*-catalyzed oxidation of a-ketoglu- 
tarate are considered and the similarities and differences which exist be- 
tween the enzymatic and non-enzymatic systems are examined. 


EXPERIMENTAL 


Oxygen utilization and CO, evolution during the oxidation of a-keto- 
glutarate were followed at 30° in air, with the use of conventional War- 
burg techniques. The reaction was stopped by tipping in 0.4 ml. of 5 N 
HSO,. All solutions were freshly made up prior to use with demineral- 
ized distilled water. a-Ketoglutaric acid was checked for melting point, 
neutralization equivalent, and absorption spectrum as previously reported 
(1) and was determined by the method of Friedemann and Haugen (2). 
Succinic semialdehyde was obtained from the hydrolysis of the diethyl 
ester of formyl succinate! and was determined according to the method 
of Bessman et al. (3). The 2,4-dinitrophenylhydrazones of a-ketoglu- 
taric acid (m.p. 217—218°, corrected) and of succinic semialdehyde (m.p. 
197-198°, corrected) were prepared according to a general method (4). 
The corresponding derivative of a-ketobutyric acid was contributed by 
Dr. R. E. Kallio. 

The products of the reaction were extracted from the acidified solution 
with purified ethyl ether (5) with a liquid-liquid extractor for 24 hours. 
Keto acids were detected by the paper chromatographic modification de- 


* This investigation was supported in part by a contract between the Office of 
Naval Research, Department of the Navy, and the State University of Iowa, NR 
120-327. 

t Present address, Northern Utilization Research Branch, Agricultural Research 
Service, Peoria, Illinois. 


! Kindly furnished by Dr. 8. P. Bessman. 
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scribed by Kaltenbach and Kalnitsky (6). Succinic acid was identified 
and quantitatively determined by paper chromatography (7), the specific 
enzyme succinoxidase (8), the formation of the p-bromophenacy] ester (9), 
and ion exchange chromatography (10). The p-bromophenacyl ester 
melted at 212-213° (corrected) and a mixed melting point with an authen- 
tic sample showed no depression. Malic acid was identified by paper chro- 
matography (7), the specific Feig] spot test (11), the fluorescence meth- 
ods of Hummel (12) and Pucher et al. (13), and quantitatively determined 
according to the method of Busch et al. (10). Oxalic acid was identified 
by the methods of Stark e¢ al. (7) and Feig] (11) and the formation of a p-ni- 
trobenzyl ester with a melting point of 201° (corrected) (literature value, 
204° (9)). The melting point of a mixture with an authentic sample was 
202°. The quantitative determination of oxalate was made according to 
the method of Pucher et al. (14, 15). After acidification of the reaction 
mixture, acetic acid was determined by steam distillation and titration 
and subsequent chromatography (16, 17). The amounts of succinic semi- 
aldehyde and a-ketobutyric acid present in the reaction mixture were very 
small (compared to a-ketoglutarate) and were separated from the a-keto- 
glutarate as the 2,4-dinitrophenylhydrazones in a 60 tube Craig counter- 
current apparatus of 10 ml. capacity with the use of 0.1 N HCl as the lower 
phase and xylene as the upper phase. After 50 successive transfers, the 
hydrazones of succinic semialdehyde and a-ketobutyrate concentrated in 
the xylene layer of tubes 44 to 50, whereas the bulk of the a-ketoglutarate 
hydrazone concentrated in the HC] layer of tubes 1 to 10. After evapora- 
tion of the xylene layers of tubes 44 to 50 and the ethyl acetate extract of 
tubes 1 to 10, the respective residues were dissolved in a minimal amount 
of 0.1 m phosphate buffer, pH 7.2, and chromatographed according to the 
methods of Bessman et al. (3) and Cavallini and Frontali (18). 

Further details and slight modifications of the methods mentioned above 
are fully described (19). Ultraviolet studies were carried out with a Beck- 
man DU spectrophotometer and colorimetric determinations with a Bausch 
and Lomb colorimeter. 


Results 
Comparison of Effects with Cot+ and Mn++ 


Of a number of metallic ions which were tested, Cot+ (either as the 
chloride, sulfate, or acetate) was the only one other than Mn++ which 
showed appreciable catalytic activity in this system. Cobalt triglycinate 
was inactive. Cut+, Znt*, or Nit had little or no effect. With Mnt 
as the catalyst, a lag of 5 minutes was noted in which no oxygen uptake 
was recorded manometrically. Since 1 to 2 umoles of a-ketoglutarate is 
utilized during this interval, it appears that a non-oxidative step occurs 
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before oxidation can be initiated. With Cot*t* as the catalyst, a lag of 
up to 30 minutes takes place. Whereas threonine accelerates the Mn*t- 
catalyzed oxidation of a-ketoglutarate, the Co*+-catalyzed reaction is in- 
hibited by threonine. In every case in which amino compounds accel- 
erated the Mn*+-catalyzed oxidation, the reaction with Co**+ was inhibited. 
Apparently these differences between Co*+ and Mn** are a reflection of 
their abilities to form complexes and oxidative properties at pH 8.0. It 
is known that Mn** has a greater affinity for the oxygen-containing groups 
and Cot* for the nitrogen-containing groups. The differences are even 
more marked for Cot**+ and Mn*** (20). The stability constants of Cot*- 


TABLE I 


Correlation of Amounts of O; Uptake, CO, Evolved, and a-Ketoglutarate 
Utilized with Time 


Ratio, Ratio, 

min pmoles pmoles pmoles 

30 5.6 1.48 1.37 0.26 0.25 
<« 6+ threomime........... 30 6.0 2.95 1.90 0.49 0.32 
60 8.6 4.10 2.77 0.48 0.32 
+ threonine...... 60 10.8 7.13 3.62 0.66 0.34 
120 | 14.2 10.0 7.50 0.70 0.53 
‘ + threonine........... 120 | 15.4 15.2 8.05 1.00 0.52 


Veronal buffer, pH 8.05, 0.063 m; 60 uwmoles of a-ketoglutarate, 10 wmoles of thre- 
onine, each adjusted to pH 7.1; 0.4 ml. of 5 n H,SO, in side arm; 0.3 ml. of 20 per 
cent KOH in the center well; total volume, 2.3 ml. 


amino acid complexes are usually stronger than the corresponding Mn*+ 
complexes (21). 

With Mn*-*, pH 8.0 is optimal for both O, uptake and a-ketoglutarate 
utilization. However, with an increase in pH from 7.4 to 8, the rate of 
O, uptake increases at a faster rate than the utilization of a-ketoglutarate 
(a-KG) resulting in increased O2s:a-KG ratios (from 0.3 to 0.7). This 
ratio is also affected by time and by the addition of threonine (Table I). 
The Co** system showed the same progressive increase in the Oo:a-KG 
ratio, except that it did not reach a value of 1 even in the presence of threo- 
nine, 

The Mnt* ion had no effeet on the titration curve of a-ketoglutarate. 


Products of Mn**-Catalyzed Oxidation of a-Ketoglutarate 


The products of this non-enzymatic reaction were identified as COs, 
succinate, malate, oxalate, and acetate, indicating a random oxidation of 
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the a-ketoglutarate molecule. Two representative experiments are pre- 
sented in Table II. The carbon recovery was not complete, the highest 
being 86 per cent. However, subsequent experiments demonstrated the 
presence of 1 to 2 uwmoles of succinic semialdehyde and of a-ketobutyric 
acid. This would increase the carbon recovery by about 5 per cent. In 
the 2 hour experimental period, succinate, malate, and CO: accounted for 
53 per cent and, in the 7 hour period, 82 per cent of the a-ketoglutarate 
carbon utilized (Table II). This would indicate that a major pathway in 
this reaction involved a decarboxylation and subsequent oxidation. The 
ratio of malate to succinate varied in different experiments. Apparently, 
malate and succinate are derived from the same intermediate, since the 
amounts of succinate and malate for the most part compensate each other 
and since succinate is not oxidized under these conditions. 


TaB.e II 
Carbon Balance Determination on Products of Oxidation of a-Ketoglutarate 


succinic 
a-KG utilized Su acid acid On ic acid | Acetic acid 
pmoles pmoles pmoles pmoles pmoles pmoles per cent 
1 18.7 13.0 5.4 3.8 0.32 3.3 61 
2 38.5 24.4 11.1 22.2 1.8 2.0 86 


Conditions, same as those in Table I, except that no threonine was added. Time 
for Experiment 1, 130 minutes; Experiment 2, 7 hours. 


The addition of threonine did not appear to affect the products formed, 
qualitatively or quantitatively. 


Effects of Mn** and Threonine on Absorption Spectrum of a-Ketoglutarate 


A series of absorption spectra of the various components that make up 
the reaction mixture (a-ketoglutarate, threonine, Veronal, Mn**) indi- 
cated that only a-ketoglutarate had a characteristic spectrum (in the 
range 262 to 340 my), with an absorption maximum at 315 my (Fig. 1, 
Curve 1) and an extinction coefficient of k = 31.2, where k = (optical 
density)/(l X c) (the optical density is at 315 my, l is the cell length in 
centimeters, and c is the concentration in moles per liter). 

Mnt+ is able to form a complex with a-ketoglutarate, as shown by the 
disappearance of the absorption peak at 315 my (Fig. 1, Curve 2). Three 
changes in the normal spectrum of a-ketoglutarate occurred: (1) the peak 
at 315 my disappeared within 15 minutes, (2) within 5 minutes a new ab- 
sorption peak appeared at 273 my (which corresponds to that of succinic 
semialdehyde), (3) a broadening of the peak at 273 my accompanied by a 
sharp decrease in optical density at the lower end of the spectrum was 
observed with time. A Veronal blank was used. This is in some respects 
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remindful of the studies by Kornberg et al. (22) and by Steinberger and 
Westheimer (23) on the metal ion-catalyzed decarboxylation of B-keto 
acids. In the absence of buffer the formation of a chelate was indicated 
by the fact that there was a release of hydrogen ion and the pH dropped 
to 6.25 with standing. The disappearance of the peak at 315 my was 
slower in absence of buffer owing to the drop in pH. 
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Fic. 1. Effect of MnCl; and threonine on the absorption spectrum of a-ketogluta- 
rate. Spectra made in Veronal buffer, pH 8.0. Curve 1, a-ketoglutarate; Curve 2, 
a-ketoglutarate + Mn**; Curve 3, a-ketoglutarate + Mn** + threonine. Veronal, 
3.3 X 10-* M; a-ketoglutarate, 6.6 X 10-3? m; Mn**, 2.0 X 10°? m. Total volume, 3.0 
ml.; silica cells, 1 = 1.0 cm. 

Fic. 2. The effect of threonine on the absorption spectrum of succinic semialde- 
hyde. Curve 1, succinic semialdehyde; Curve 2, succinic semialdehyde spectrum 15 
minutes after the addition of threonine; Curve 3, 40 minutes after the addition of 
threonine; Curve 4, 75 minutes after the addition of threonine. Final concentration 
of succinic semialdehyde, 1.67 X 10~* m; threonine, 3.3 K 10-* m; Veronal, 3.3 X 10-* 
M. 


In the presence of threonine, an additional spectral change was ob- 
served: the absorption peak at 273 my shifted to higher wave lengths with 
time and was accompanied by an increase in optical density (Fig. 1, Curve 
3). A Veronal-threonine blank was used in this case. The rate of dis- 
appearance of the peak at 315 my was not affected by threonine, in agree- 
ment with manometric data indicating that the lag period observed during 
the oxidation of a-ketoglutarate was not affected by threonine. 


Effects of Threonine and Mn** on Absorption Spectrum of 
Succinic Semialdehyde 
Fig. 2, Curve 1, shows the absorption spectrum of succinic semialde- 
hyde in Veronal buffer at pH 8.0, having an extinction coefficient, « = 
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2800, with the peak at 273 my. The addition of threonine shifted the 
absorption peak from 273 my to 283 to 287 mu. This was similar to that 
observed in the Mn** oxidation spectrum of a-ketoglutarate in the pres- 
ence of threonine (Fig. 1). The addition of 3.3 * 10-* m or 3.3 XK 107° m 
MnCl, had no effect on the maxima of Curves 1 to 4 in Fig. 2, but did in- 
crease the optical density. The optical density of succinic semialdehyde 
at 273 my increased with pH; at pH 6.8 the spectrum was destroyed com- 
pletely. This explains the absence of an absorption peak at 273 my ob- 
served during the oxidation of a-ketoglutarate at a pH below 7.0. Suc- 
cinic semialdehyde appears to be stable at pH 8.6 for 3 hours. 


TaB_eE III 
Oxidation of Succinic Semialdehyde by MnCl, and CoCl; and Effect of Threonine 
O: uptake 
Autoxidation MnCh threonine CoC 
min ul. ul ul. ul pl. 
30 0 10 | 20 0 0 
60 8 28 | 55 6 0 
120 17 | 59 | 129 29 : 13 
180 25 50 25 
240 35 | 109 | 240 | 


Conditions, 0.05 m Veronal buffer, pH 8.05; 60 umoles of succinic semialdehyde; 
other conditions as in Table I. 


Oxidation of Succinic Semialdehyde 

In the presence of Mnt-*, the oxidation of succinic semialdehyde was 
accelerated 3- to 4-fold (Table III), with Co** being less effective than 
Mn+. In the presence of threonine, the Mn*+-catalyzed oxidation was 
further doubled (a 119 per cent increase). In a 2 hour period, 40 umoles 
of threonine increased the O2 uptake to 163 ul. as compared to 129 ul. of 
with 10 wmoles of threonine. 

The total oxygen uptake with succinic semialdehyde as substrate is 
about one-third that observed with a-ketoglutarate. However, a-keto- 
butyric acid is oxidized quite rapidly in the presence of Mn++, 268 ul. of 
Oz being recorded in a 2 hour period. Under similar conditions, the O» 
uptake for malate was 34 yl. and for succinate, none. 


DISCUSSION 
This non-enzymatic system is similar to its biological counterpart (24, 
25) in that (1) a-ketoglutarate is utilized, (2) oxygen is taken up, (3) CO: 
is evolved, (4) succinic semialdehyde and succinic acid are produced, (5) 
Mn? is required, and (6) the reaction takes place at a slightly alkaline 
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pH. However, this system is different in that (1) it is much slower than 
the enzymatic reaction, the difference being of the order of magnitude of 
10‘, (2) more oxygen is taken up, the ratio of O2 to a-ketoglutarate ap- 
proaching unity, (3) Mgt* cannot serve as a catalyst, and (4) the reaction 
is not as specific. A more random oxidation of the a-ketoglutarate mole- 
cule takes place with more products being formed. The dehydrogenase 
obviously blocks the side reactions which take place with the non-enzy- 
matic system, thereby displacing more of the a-ketoglutarate oxidation 
through succinic semialdehyde to succinic acid, thus increasing the rate of 
oxidation and the specificity of the reaction. However, even the enzyme 
system is not entirely specific, since highly purified a-ketoglutaric dehy- 
drogenase appears to catalyze a non-oxidative side reaction (24, 25). 

In the Mn*+-catalyzed reaction, the metal ion initiates the reaction and 
the amino acid potentiates the effect of the Mn++. Threonine is the most 
effective amino acid in this respect, all three of its polar groups being essen- 
tial (1). The enzyme system, however, is much more complex and re- 
quires a metal ion and organic cofactors (24-27). The amino acid may 
be a reflection of the enzyme protein, or of a peptide or polypeptide portion 
of the enzyme with the correct spatial configuration of active polar groups. 
With relatively simpler enzymes (which require no metal ions or organic 
cofactors) it has been experimentally verified that the catalytic activity 
resides in only a portion of the protein molecule (28-32). 

Lehninger (33) has proposed that the role of the protein may be that 
of promoting the catalytic properties of the metal. Steinberger and West- 
heimer (23) have presented a penetrating study of the metal ion-catalyzed 
decarboxylation of dimethyl oxalacetate and have compared the results 
with those for the enzymatic and non-enzymatic decarboxylation of oxal- 
acetate itself. They have postulated that the enzyme protein imparts 
specificity to the enzyme system and also forms a complex with the metal 
in such a way as to enhance its activity. The results discussed herein 
would be in agreement with these proposals. 


SUMMARY 


The non-enzymatic oxidation of a-ketoglutarate is catalyzed by Cot+ 
and by Mnt+. In every case in which amino acids accelerate the Mnt++- 
catalyzed oxidation, the reaction with Co** is inhibited. There is a pro- 
gressive increase in the ratio of O2 to a-ketoglutarate utilization with in- 
crease in pH, time, and threonine concentration, the ratio approaching 1. 

The products of this non-enzymatic oxidation of a-ketoglutarate are 
COz, succinate, malate, oxalate, and acetate, plus small amounts of suc- 
cinic semialdehyde and a-ketobutyrate. The major products are suc- 
cinate, malate, and COz. Mn+ is able to form a complex with a-keto- 
glutarate, causing the disappearance of the absorption peak at 315 mu. 
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Succinic semialdehyde is formed within 5 minutes as shown by the appear- 
ance of an absorption peak at 273 mu. Both maxima are pH-dependent. 
The shift of the absorption peak at 273 my to higher wave lengths is due 
to the reaction of succinic semialdehyde and threonine. 

Mn* catalyzes the oxidation of succinic semialdehyde and threonine 
accelerates this reaction, the resulting rate of oxidation being slower than 
that observed with a-ketoglutarate. 

The similarities and differences that exist between the enzymatic and 
non-enzymatic systems are examined. 
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ENZYMATIC SYNTHESIS OF NICOTINAMIDE 
MONONUCLEOTIDE* 


By JACK PREISS{ anp PHILIP HANDLER 


(From the Department of Biochemistry, Duke University School of 
Medicine, Durham, North Carolina) 


(Received for publication, October 20, 1956) 


Previous reports from this laboratory have described synthesis of NMN! 
from nicotinamide by human erythrocytes (1) and hemolysates (2) in 
vitro. These studies have been extended (3), the reactions have been 
identified, and the responsible enzymes have been partially purified. 


EXPERIMENTAL 


Materials—ATP, GMP, and DPN were obtained from the Pabst Labo- 
ratories, adenine and orotic acid from the California Foundation for 
Biochemical Research, guanosine, inosine, ribose, and hypoxanthine from 
the Nutritional Biochemicals Corporation, and guanine hydrochloride 
hydrate from the Distillation Products Industries. IMP and R5dP were 
obtained as barium salts from the Schwarz Laboratories, Inc., and con- 
verted to their sodium salts by treatment with Na.SQ, in dilute acid solu- 
tion. NMWN was prepared from DPN by the procedure of Plaut and Plaut 
(4) by using potato pyrophosphatase (5). PRPP? was prepared by the 
method of Kornberg e¢ al. (6) and purified by the procedure of Remy, 
Remy, and Buchanan (7). Nicotinamide riboside was prepared by hy- 
drolyzing NMN with snake venom (8). 

Methods—Hemolysates were prepared by alternately freezing and 
thawing freshly collected erythrocytes which had been washed four times 
in 0.15 m NaCl. 1 volume of 0.5 m buffer (phosphate or Tris), pH 7.4, 


* These studies were supported in part by Contract AT-(40-1)-289 between Duke 
University and the United States Atomic Energy Commission and by Grant RG-91 
from the National Institutes of Health. 

The data herein are taken from a dissertation by Jack Preiss presented to the 
Graduate School of Duke University in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy. 

t Predoctoral Fellow of the National Institutes of Health. 

1 The following abbreviations are employed: nicotinamide mononucleotide, NMN; 
nicotinamide, NAm; nicotinamide riboside, NR; 5-phosphoribosy] 1-pyrophosphate, 
PRPP; inorganic orthophosphate, P;; inorganic pyrophosphate, P-P;; ribose 5-phos- 
phate, R5P; adenosine triphosphate, ATP; diphosphopyridine nucleotide, DPN; 
adenosine 5’-phosphate, AMP; guanosine 5’-phosphate, GMP; inosine 5’-phosphate, 
IMP; tris(hydroxymethyl)aminomethane, Tris. 

? An initial sample of PRPP was generously provided by Dr. Arthur Kornberg. 
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per 5 volumes of red cells was added and the stroma were removed at 5° 
by centrifugation at 3000 r.p.m. 

Acetone powder was prepared by homogenizing washed erythrocytes in 
5 volumes of acetone at —12°. The insoluble material was collected on 
a Biichner funnel, twice rehomogenized in acetone, and dried in air. Such 
powders retained activity for at least 6 months when stored at —10°. 
Suitable extracts were prepared by stirring 2 gm. of powder with 10 ml. 
of 0.1 m buffer (phosphate or Tris), pH 7.4, for 10 minutes at 3°. Insoluble 
material was removed by centrifugation at 8000 r.p.m. 

DPN was assayed with alcohol dehydrogenase, essentially by Racker’s 
procedure (9). NMWN was determined by conversion to DPN with DPN 
pyrophosphorylase (10) and calculated as the increment in DPN due to 
addition of this enzyme. Total pyridine nucleotides were occasionally 
estimated fluorometrically (11, 12). Hypoxanthine was determined spec- 
trophotometrically with xanthine oxidase (13) and AMP with adenylic 
deaminase according to Kalckar (14). Guanine was assayed at 290 my 
with xanthine oxidase and rat liver guanase (13). PRPP was measured 
at 295 my with orotic pyrophosphorylase plus orotic acid (6). Nucleoside 
phosphorylase activities were assayed according to Huennekens et al. (15). 
IMP and GMP were determined spectrophotometrically after column 
chromatography. Hemoglobin was assayed by the procedure of Wong 
(16) and total protein according to Warburg and Christian (17). Enzy- 
matic reactions were stopped by placing the reaction vessel in a water bath 
at 100° for 2 minutes. 

NMN Synthesis by Hemolysates—Table I shows the synthesis of NMN by 
hemolysates. The substrate mixture NAm + R5P + ATP was con- 
sistently about 3 times as effective as the mixture NR + ATP. The 
presence of DPNase necessitated a large concentration of NAm in these 
incubations and it was not apparent whether NAm or the riboside was 
the precursor for NMN. However, the higher activity of the R5P-con- 
taining system suggested that a pathway other than phosphorylation of the 
riboside was operative. An absolute dependence on P; was apparent in 
all experiments, whereas the effect of arsenate was inconsistent. Occa- 
sional hemolysates exhibited no activity when arsenate was used in place 
of phosphate and it appears possible that the arsenate effect may reflect 
arsenolysis of endogenous phosphate esters to produce a suboptimal con- 
centration of Pj. 

NMN Synthesis by Erythrocyte Acetone Powder—Extracts of acetone 
powder, prepared as described above, were 6 to 7 times as active as an 
equivalent volume of hemolysate. More than 95 per cent of the pyridine 
nucleotide synthesized with the substrate mixture of NAm + R5P + ATP 
proved to be NMN. Synthesis proceeded almost linearly for 20 hours 
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when 0.4 umole of NMN had accumulated per 0.5 ml. of extract. Table 
II shows that NMN synthesis by such extracts is dependent upon P,, 
Mg?*+, and R5dP and is stimulated by, but not absolutely dependent upon, 
ATP. Maximal activity was obtained at 0.005 m P;. 


TaBLeE | 
NMN Synthesis by Hemolysates 
The reaction mixtures contained 0.5 ml. of hemolysate, 164 wmoles of NAm, 10 
pmoles of Mg**, 4 umoles of ATP, and the ribose source shown in a total volume of 
1.0 ml. of the indicated 0.05 m buffer. The reaction vessels were maintained at 35° 
for 16 hours with occasional shaking. 


NMN synthesized 
Substrate 
Phosphate Tris Arsenate 
pmole pmole pmole 
Ribose 5-phosphate, 2umoles............... 0.079 0.008 0.020 
Nicotinamide riboside, 0.45 wmole.......... 0.026 0.000 0.012 


TaBLeE II 
NMN Synthesis by Extract of Acetone-Powdered Erythrocytes 


The complete system, containing NAm 164 umoles, R5P 2 umoles, ATP 4 umoles, 
P; 50 umoles, Mg** 5 uwmoles, and extract of acetone-powdered human erythrocytes 
0.5 ml. in a total volume of 1.0 ml., was maintained at 35° for 5 hours. 


System NMN System NMN 
pmole pmole 
Complete 0.146 No Mgt* 0.013* 
No 0.021 R5P 0.036 
5 umoles P; 0.124 ATP 0.108f 
40 “ 0.142 


* At zero time the system contained 0.021 wmole of NMWN and in the absence of 
Mg** 0.008. umole of NMN disappeared. 

t The effect of ATP varied in individual experiments; occasionally in its absence 
NMN synthesis was limited to about half that of the complete system. 


Pathway of NMN Synthesis—The absolute dependence upon inorganic 
phosphate and the superiority of NAm + R5P as substrate mixture, as 
compared with NR + ATP, suggest that NMN synthesis proceeds by a 
pathway other than direct phosphorylation of the riboside, although 
Rowen and Kornberg (8) have reported such direct phosphorylation in 
liver preparations. In an effort to elucidate the pathway of NMN syn- 
thesis and the role of P;, P;*? was included in a reaction mixture in which 
NMN was synthesized by an extract of acetone-powdered erythrocytes. 
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After incubation, 2.5 uymoles of NMN and 5 umoles of P-P; were added as 
carriers and the deproteinized mixture was placed on a Dowex 2 column. 
NMN, ATP, and P-P; were separated by the procedure of Deutsch and 
Nielsen (18); NMN and NAm were eluted from the column with water.. 
Each of these was determined in the usual manner and aliquots were con- 
centrated, evaporated to dryness, and counted. As shown in Table III, 
the acid-labile phosphates of ATP completely equilibrated with the P; 
during the incubation, as did P-P;, whereas the specific activity of NMN 
was less than 7 per cent of that of the Pi. 

Thus, despite the absolute dependence upon P;, the phosphate moiety 
of NMN does not arise from the P; of the medium in the system here em- 


III 
NMN Synthesis in Presence of P;** 

The reaction mixture, containing extract of acetone-powdered erythrocytes 1.0 
ml., NAm 328 uwmoles, R5P 4 umoles, ATP 8 uwmoles, Tris, pH 7.4, 100 umoles, NaF 
40 umoles, and P; 10 wmoles (5.76 X 10° c.p.m.) in a total volume of 2.0 ml., was 
incubated at 35° for 17 hours. 


System Fraction Specific activity Equilibration 
c.p.m. per pmole per cent 
Complete ATP 3.9 X 105 93 
No R5P 3.8 X 105 91 
Complete P-P; 4.2 X 105 100 
No R5P sa 3.8 X 105 91 
Complete NMN 2.7 X 108 7 
No R5P ” 2.5 X 108 6 


ployed. Further, NMN could not have arisen by direct phosphorylation 
of the riboside as shown: 


ATP + NR — NMN + ADP (1) 


Klenow (19) has suggested nucleotide formation by reaction between a 
base and ribose 1,5-diphosphate. In this case the reaction would be 


NAm + ribose 1,5-diphosphate = NMN + P, (2) 


Ribose 1,5-diphosphate was thought to arise by the conce action of 
phosphoglucokinase, which yields glucose 1,6-diphosphate from ATP 
and glucose 1-phosphate (20), and phosphoglucomutase, which yields 
ribose 1,5-diphosphate from glucose 1,6-diphosphate and ribose 1-phos- 
phate and also catalyzes a phosphoribomutase reaction (21). In such a 
system the rates of the phosphoglucokinase and hexokinase reactions would 
determine the specific activity of the phosphate of glucose and ribose mono- 
and diphosphates, all of which would be in isotopic equilibrium. Although 
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this reaction sequence could explain the presence of P® in the R5P moiety 
of NMN, the data do not permit a decision as to whether reaction (2) is 
operative or whether NMN is formed by the reaction 


NAm + PRPP — NMN + P-P, (3) 


in analogy with the systems described for synthesis of pyrimidine and 
purine nucleotides (22-26). However, the low specific activity of the 
phosphate of NMN rendered it relatively unlikely that the reactions lead- 
ing to ribose 1 ,5-diphosphate formation were proceeding rapidly enough to 
account for NMN production. 


TABLE IV 
Synthesis of PRPP by Erythrocyte Preparations 
The reaction mixture, containing enzyme source 0.5 ml., R5P 4 uwmoles, ATP 8 


pmoles, and Mg** 10 uwmoles in a total volume of 1.0 ml. of the indicated 0.05 m buffer, 
pH 7.4, was incubated for 6 hours at 35°. 


Enzyme Buffer System PRPP 

pmole 

Hemolysate P,; Complete 0.491 
Tris 0.110* 
Acetone powder 0.752 
No Mgt* 0.110* 

3 “ R5P 0 060* 

Tris Complete 0.033* 

+5 umoles P, 0.485 


* The PRPP content of the enzyme sources at zero time varied from 0.120 to 0.160 
umole. In all instances in which NMN synthesis was ineffective there was a net loss 
of PRPP during incubation. 


PRPP Synthesis by Erythrocyte Preparations—Table IV demonstrates 
the ability of erythrocyte hemolysates and acetone powder extracts to 
synthesize PRPP. Synthesis required Pi, Mgt+*, and R5P. The excel- 
lent synthesis in the absence of added ATP presumably indicates the 
existence of a system capable of generating ATP from R5P. PRPP syn- 
thesis was linear for about 4 hours; thereafter PRPP remained constant in 
concentration and was equivalent to about 8 per cent of the initial R5P. 
The velocity of PRPP synthesis, therefore, was 3 to 4 times that of maximal 
NMN synthesis observed in these preparations. 

NMN Synthesis from PRPP—Table V shows that both hemolysates and 
acetone powder extracts efficiently utilized PRPP for NMN synthesis. 
This reaction was Mg**-dependent but essentially unaffected by the 
absence of P;. Thus, the P; requirement originally noted is a property of 
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the PRPP-synthesizing system, in agreement with the observations of 
Korn et al. (26), although the role of P; in this regard is obscure. 

Purification of NMN-Synthesizing Enzyme—The standard assay system 
employed in following the course of enzyme purification was as follows: 
0.5 ml. of enzyme solution was incubated for 5 hours with 164 uwmoles of 
NAm, 0.3 ywmole of PRPP, and 5 uwmoles of MgCl, at pH 7.4 in a total 
volume of 1.0 ml. NMN was determined in the usual manner. 

60 gm. of acetone powder were extracted with 300 ml. of 0.1 m Pi, pH 
7.4, for 30 minutes and the insoluble material was discarded. Solid 
ammonium sulfate was added to 0.46 saturation. After 10 minutes the 
precipitate was separated by centrifugation and redissolved in a minimal 


TABLE V 
NMN Synthesis from PRPP by Erythrocyte Preparations 
The complete system contained NAm 164 uwmoles, PRPP 0.36 umole, Mgtt 5 
umoles, and hemolysate or extract of acetone power 0.5 ml. in a total volume of 1.0 
ml. of the indicated 0.1 m buffer, pH 7.4. Incubations at 35° were performed for 18 
hours with hemolysate and for 5 hours with acetone powder. 


Enzyme Buffer NMN 
pmole 
Hemolysate P; 0.063* 
Tris 0.070 
Acetone powder P; 0.092* 
Tris 0.114f 


* The enzyme source provided 0.010 to 0.015 umole of NMN. 
t When Me** was omitted, the final NMN concentration was 0.018 umole. 


volume of buffer and the precipitation was repeated twice. The final 
solution was dialyzed overnight against phosphate buffer and then placed 
in a water bath at 73° and allowed to come to 70°. After 5 minutes at this 
temperature, the solution was cooled and the insoluble protein was removed 
by centrifugation and discarded. The supernatant solution, designated 
“partially purified enzyme”’ (PPE), was used in the studies described below. 
PPE was 36.7 times as active as the initial extract and 53 per cent of the 
initial activity remained at this stage. No activity was lost during the 
heat treatment which effected a 5-fold purification. 

In Table VI the ability of various fractions to synthesize NMN either 
from R5P + ATP + NAm or NAm + PRPP and also the synthesis of 
PRPP from R5P + ATP is compared. It will be seen that the heat treat- 
ment, which effected 5-fold purification of the NMN-synthesizing enzyme, 
completely inactivated the PRPP-synthesizing system. Since NMN 
synthesis was then possible only with PRPP and NAm as the substrate 
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mixture, this clearly establishes Reaction 3 as the synthetic path in erythro- 
cytes. 

Whereas NMN synthesis from R5P in cruder preparations was 60 per 
cent inhibited by 0.02 m NaF, synthesis by PPE was unaffected thereby. 
The effect of fluoride, then, was related entirely to PRPP synthesis, which 
was found to be 60 to 70 per cent inhibited at the same concentration. The 
pH optimum for PPE was between 6.8 and 7.6; at pH 6.1 or 8.5, the reac- 
tion rate was half maximal. Studies of NMN synthesis at varying con- 
centrations of NAm revealed that K,, for NAm is of the order of 0.1 m 
and for Mg** about 0.6 X 10-*m. Much of the initial DPNase activity 
of hemolysates was lost in the preparation of acetone powder and PPE 
was devoid of such activity nor did it exhibit inorganic pyrophosphatase 


TABLE VI 
NMN Synthesis by Partially Purified Enzyme Fractions 
NMN 
synthesis from — 
Enzyme* ; synthesis from 
PRPP + NAm| NAm {RSP | RSP + ATP 
pmole pmole pmoles 
After ammonium sulfate treatment......... 0.184 0.340 1.07 
“ heat treatment at 65° for 10 min...... 0.190 0.020 0.00 


* The protein present in each incubation was equivalent to the total protein of 
0.5 ml. of extract of acetone powder. 


activity. Adenosine, inosine, and guanosine phosphorylase activities 
were observed in extracts of acetone powder, but, of these, only the latter 
two were found in PPE. 

Enzyme Specificity—In the course of studies of the specificity of the 
NMWN-synthesizing enzyme it was observed that relatively low concentra- 
tions of purines and their ribosides were markedly inhibitory of synthesis 
by hemolysates and extracts of acetone powder (Table VII). Since these 
preparations exhibit phosphorylase activity for the ribosides of adenine, 
guanine, and hypoxanthine, it appeared likely that the latter were cleaved 
to ribose 1-phosphate and the respective purines which then competed with 
NAm for PRPP. Extracts of acetone powder were found to couple rapidly 
each of the three purines studied with PRPP to form the corresponding 
nucleotides. However, as shown in Table VIII, PPE retained inosinic 
and guanylic pyrophosphorylase activity, but adenylic pyrophosphorylase 
was lost in the purification procedure. 
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TaBLeE VII 
Purine Inhibition of NMN Synthesis 


The reaction mixture contained extract of acetone-powdered erythrocytes 0.5 
ml., NAm 164 uwmoles, Mg*t* 5 umoles and either PRPP 0.3 umole or R5P 2 umoles + | 
ATP 4 uwmoles in a total volume of 1.0 ml. of 0.05 m Pi, pH 7.4. The incubation time 
was 5 hours at 35°. 


NMN synthesized 
Addition 

RSP + ATP PRPP 

pmoles pmole pmole 

0.4 0.005 0.000 

a 1.0 0.000 0.013 

1.0 0.010 0.020 

Tasxe VIII 


Stoichiometry of Nucleotide Syntheses by PPE 


0.5 ml. of PPE was incubated with PRPP in the amount shown plus 5 umoles of 
Mg?** and 0.05 m phosphate, pH 7.4. Data are not given for NAm which was present 
in great excess. 


Incubation time Initial Final 4 
hrs. pmole pmole pmole 
12 NMN 0.01 0.17 +0.16 

PRPP 0.33 0.12 —0.21 
0.25 Guanine 0.18 0.00 —0.18 

PRPP 0.20 0.00 —0.20 

GMP 0.00 0.16 +0.16 
0.25 Hypoxanthine 0.56 0.24 —0.32 

PRPP 0.33 0.00 —0.33 

IMP 0.00 0.29 +0.29 
3 Adenine 0.70 

PRPP 0.33 0.26 —0.07 

AMP 0.00 0.00 0.00 
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TaBLeE IX 
Separation of NMN and GMP Pyrophosphorylases 


GMP pyrophosphorylase activity was assayed by incubating guanine 0.18 umole, 
MgCl; 10 umoles, PRPP 0.19 umole, 0.5 ml. of dialyzed enzyme fraction, and Tris 50 
pmoles, pH 7.4, in a total volume of 2.9 ml. at 35° for 15 minutes. NMN pyrophos- 
phorylase activity was measured by incubating NAm 164 umoles, PRPP 0.3 umole, 
MgCl: 5 umoles, 0.5 ml. of dialyzed enzyme fraction, and 50 umoles of Tris in a total 
- volume of 1.2 ml. at 35° for 5 hours. 


oT 


7m Gel Fraction NMN synthesis GMP synthesis 
umole pmole 
PPE 0.056 0.18 
Alumina Cy Supernatant fluid 0.009 0.00 
0.05 m PO, eluate 0.026 0.18 
0.10 “ 0.029 0.18 
0.20 ‘* “ 0.037 0.00 
0.30 “ 0.038 0.00 
Cas(PO,)2 Supernatant fluid 0.000 0.17 
0.05 m PO, eluate 0.026 0.16 
0.10% “ 0.022 0.14 
0.20** “ 0.024 0.00 
0.30% “ 0.028 0.00 
TaBLeE X 


Separation of NMN and IMP Pyrophosphorylases 


Assay incubations contained PRPP 0.3 wmole, MgCl: 5 uwmoles, Tris 50 umoles, 
pH 7.4, 0.5 ml. of dialyzed enzyme fraction, and either hypoxanthine 0.17 umole or 
NAm 164 uwmoles. The incubation times were 5 hours for NMN and 15 minutes for 


IMP. 
Gel Fraction NMN synthesis IMP synthesis 
umole umole 
PPE 0.067 0.17 
Alumina Cy Supernatant fluid 0.000 0.00 
. 0.01 m PO, eluate 0.017 0.00 
0.05 “ 0.039 0.17 
0.10“ “ 0.055 0.17 
0.20 “ ” 0.055 0.055 
0.30“ “ 0.047 0.014 
Ca3(PO,): Supernatant fluid 0.007 0.00 
0.05 m PO, eluate 0.043 0.17 
= 0.033 0.00 
0.30 “ 0.037 0.00 
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The relatively slow synthesis of NMN and high K,, for NAm, as com- 
pared with the rapid synthesis of IMP and GMP at low substrate concen- 
trations, suggested the possibility that NMN synthesis was accomplished 
by an enzyme which “normally” operates with a different substrate, per- 
haps guanine or hypoxanthine. However, as shown in Tables LX and X, 
NMN-synthesizing activity was clearly separated from both GMP- and 
IMP-synthesizing activity by adsorption of the protein of PPE on calcium 
phosphate gel or alumina Cy and elution with phosphate buffers of in- 


TaBLeE XI 
Pyrophosphorolysis of NMN 

The incubation mixtures contained PPE 0.5 ml., MgClz 5 umoles, Tris 50 umoles, 
pH 7.4, either NMN 0.15 uwmole (Experiment 1) or 0.20 wmole (Experiment 2), and 
the indicated amounts of P-P; and hypoxanthine. The incubation time was 21 hours 
at 35°. After the reaction had been stopped by heating, purified yeast pyrophos- 
phatase (28) was added and the mixture was incubated for 30 minutes before analyz- 
ing for NMN in the usual manner. 


Experiment No. P-Pj Hypoxanthine Final NMN ANMN 
pmoles umole umole pmole 
1 0 0 0.138 
1.0 0 0.095 —0.043 
1.0 0.28 0.085 —0.053 
5.7 0 0.102 —0.036 
5.7 0.28 0.134 —0.004 
| 0 0.28 0.134 —0.004 
0 0 0.197 
, 0.2 0 0.135 —0.062 
0.2 0.28 0.135 —0.062 
1.0 0 0.124 —0.073 
1.0 0.28 0.117 —0.080 
5.7 0 | 0.141 —0.056 
0 0.28 0.193 —0.004 


creasing concentration. ‘The 0.3 m eluates were practically devoid of IMP- 
and GMP-synthesizing activity, contained no hemoglobin, and were 550- 
to 600-fold purified with respect to NMN synthesis, as compared with the 
original extract of acetone powder. It is noteworthy that the total NMN- 
synthesizing activity eluted from the gels was 2 to 3 times that of the 
starting PPE. 

Reversibility—As shown in Table XI, in 21 hours PPE catalyzed the 
disappearance of 40 per cent of NMN initially present when 6 X 10-* m 
P-P; was added. Higher concentrations of P-P; did not augment this 
effect nor did hypoxanthine, added to trap any PRPP formed by IMP 
synthesis. Indeed, hypoxanthine, at higher concentrations of P-Pi, 
inhibited the disappearance of NMN. 


re 
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DISCUSSION 


The data presented indicate the presence in human erythrocytes of a 
relatively low concentration of an enzyme which catalyzes the reaction 


H* + NAm + PRPP* + P-P;" 


In keeping with the convention employed for those enzymes which syn- 
thesize pyrimidine nucleotides, it is suggested that this enzyme be desig- 
nated NMN pyrophosphorylase, even though the demonstration of reversi- 
bility was not satisfactory and the equilibrium position for this system 
could not be ascertained. The relatively slow and difficult pyrophos- 
phorolysis of the purine nucleotides has been discussed by Kornberg et al. 
(24) and by Korn et al. (26). The failure of hypoxanthine to accelerate 
the disappearance of NMN is not understood, since the rate of IMP syn- 
thesis by PPE is more than 20 times that of NMWN synthesis; the actual 
inhibition of NMN disappearance by hypoxanthine at higher concentra- 
tions of P-P; is entirely without explanation. Attempts to demonstrate 
NAm formation, in the reverse reaction, by measurement of the optical 
density change at 265 my after acidification were technically unsuccessful, 
since the deproteinized fractions exhibited considerable absorption at this 
wave length. Thus, there was no positive demonstration that the P-P;- 
dependent disappearance of NMN represented reversal of the synthetic 
reaction. 

The slow rate of the reaction and the unphysiological K,, for NAm sug- 
gest that NAm may not be the “‘normal”’ substrate for this enzyme. How- 
ever, the data clearly indicate that the NMN-synthesizing enzyme is 
distinct from those erythrocyte enzymes that catalyze IMP, AMP, and 
GMP synthesis; it seems likely that extracts of acetone-powdered erythro- 
cytes are devoid of synthetic activity for nucleotides of orotic acid, uracil, 
cytosine, or nicotinic acid, since these compounds do not interfere with 
NMN synthesis. Moreover, the activity of the isolated enzyme readily 
accounts for the maximal rate of NMN synthesis by intact erythrocytes or 
hemolysates. Finally, it must be noted that, in the course of these studies, 
no DPN synthesis was observed despite the addition of relatively high 
concentrations of ATP. Neither erythrocytes, hemolysates, nor extracts 
of acetone-powdered cells exhibit DPN pyrophosphorylase activity. 
Denstedt and Malkin (27) have also stated that this enzyme is lacking in 
human erythrocytes. Consequently, the metabolic role of NMN pyro- 
phosphorylase, and indeed of NMN, in erythrocytes remains to be estab- 
lished. 


SUMMARY 


Extracts of acetone-powdered human erythrocytes have been found to 
synthesize 5-phosphoribosy] 1l-pyrophosphate (PRPP) from adenosine 


770 NICOTINAMIDE MONONUCLEOTIDE SYNTHESIS 


triphosphate and ribose 5-phosphate and to synthesize nicotinamide 
mononucleotide, inosine 5’-phosphate, guanosine 5’-phosphate, and adeno- 
sine 5’-phosphate by the general reaction H+ + base + PRPP — nucleo- 
tide + inorganic pyrophosphate. The enzyme which catalyzes nicotina- 
mide mononucleotide synthesis by this reaction has been purified 600-fold 
and is distinct from the enzymes which catalyze purine nucleotide synthesis. 
The specificity, reversibility, and metabolic role of this system are dis- 
cussed. 
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BILE ACIDS 
I. TWO NEW ACIDS FROM RAT BILE 
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During the course of our study of metabolites of steroid hormones which 
were present in bile, the bile acids themselves, because of their character- 
istic and unusual properties, attracted our interest. This interest led to 
the work which is described in a current series of papers. Some of our 
investigations have been facilitated by the important procedures pub- 
lished during the course of our work by Ahrens and Craig (1), Mosbach 
et al. (2), and Bergstrém and Norman (3). 

The administration of C-labeled chenodeoxycholic acid to rats has led 
to the recovery in the bile of two labeled acids chromatographically similar 
to, but not identical with, cholic acid (4, 5). This report concerns the 
isolation of these metabolites from the bile of rats which had been fed 
Purina laboratory chow. 

The samples of rat bile used in this work were obtained under varied 
experimental conditions. All samples of bile were analyzed for cholic acid, 
and these data on the excretion of cholic acid by the rat are also included 
in this report. Studies on bile and bile acid production by the rat have 
been reported recently by Portman et al. (6), by Portman and Mann (7), 
and by Eriksson (8). 


EXPERIMENTAL 


Collection of Bile—The animals used in these studies were adult male 
rats of the St. Louis University colony. They were maintained either on 
ground Purina laboratory chow or on an adequate purified ration. The 
latter diet consisted of Labco casein 20.0, L-cystine 0.2, salt Mixtures 3A 
and 3B 2.0 each, vitamin B complex-sucrose 5.0, celluration 2.0, sucrose 
58.8, fat-soluble vitamin mixture 2.0, and lard 8.0. This is essentially 
the diet described in detail by E. A. Doisy, Jr., and Bocklage (9), except 
that biotin levels in the present diet are one-tenth of those previously de- 


* The material presented herein is taken, in part, from theses submitted to the 
Graduate School of St. Louis University by John T. Matschiner and Theodore A. 
Mahowald in partial fulfilment of the requirements for the degree of Doctor of Phi- 
losophy in Biochemistry. 
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scribed. This ration permits adequate growth of weanling rats to adult 
size. 

Operative procedures for cannulation of the bile duct were the same as 
those which have been described previously (10), except that polythene 
tubing with beveled tip was used throughout these experiments. The 
collection of bile was begun either immediately after surgery or 48 hours 
postoperatively. Circulation of bile was maintained in the postoperative 
case by external connection of the bile cannula with an inlying duodenos- 
tomy tube inserted through the distal portion of the bile duct. The bile 
was collected in chilled graduated cylinders, the volume recorded, and an 
aliquot taken for cholic acid assay according to the method of Reinhold 
and Wilson (11). Bile collection from rats on ground chow was continued 
for as long as 37 days with no observed depression in bile or cholic acid 
production. Table I shows the pattern of bile and cholic acid production 
for the first 5 days of collection. The marked depression in cholic acid 
production by rats on purified rations reported by Portman e¢ al. (6) was 
not observed in our experiments. The excretion pattern when bile collec- 
tion was begun immediately after surgery was similar to that reported by 
Eriksson (8). This pattern was altered significantly if enterohepatic cir- 
culation of bile was maintained during a 48 hour postoperative recovery 
period before beginning the collection. Under these conditions a maximal 
level of bile and cholic acid production was attained more rapidly. The 
average production of bile and cholic acid from 72 hours to the termination 
of the collection period (from 9 to 37 days) is also given in Table I. 

Fractionation of Pooled Rat Bile—Samples of pooled bile were concen- 
trated to approximately one-half their original volume in vacuo, sodium 
hydroxide was added to give a concentration of 5 per cent, and the solution 
was autoclaved at 120° for 3.5 hours.! The alkaline hydrolysate was 
extracted twice with ether to remove neutral products. The aqueous 
phase was acidified with HCI and extracted thoroughly with ether to obtain 
the mixed free bile acids. The efficiency of this hydrolysis and extraction 
procedure as applied to rat bile has been demonstrated in studies with 
isotopically labeled bile acid (12). 

Separation of the mixed free bile acids was accomplished on a partition 
column similar to that described by Mosbach et al. (2); we have substi- 
tuted benzene in place of isopropyl ether in the movable phase. The 
stationary phase was 70 per cent aqueous acetic acid, and the movable 
phases were various mixtures of benzene and Skellysolve B (redistilled, 
boiling range 67-69°). Each movable phase was equilibrated with 70 


1 In earlier experiments, the bile was deproteinized with ethanol prior to hydroly- 
sis. Since this step was found to have no effect on subsequent fractionation, it was 
eliminated in later work. 
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per cent aqueous acetic acid before use. Celite 545 which had been washed 
with methanol and dried at 100° was used as the column base. For the 
separation of up to 100 mg. of crude mixed bile acids, we have used columns 
containing 10 gm. of Celite and 8 ml. of stationary phase; the diameter of 
the columns was 18 mm., the height approximately 140 mm. The bile 
acids were applied to the column in approximately 0.5 ml. of stationary 


TaBLeE I 
Bile and Cholic Acid Production by Rats under Varied Experimental Conditions 
Condition A Condition B Condition C 

No pos tive recovery; recovery ; recovery; 

4 animals, average body rage body Is, average 

Cholic acid | | Cholic acid Bile —Cholic acid 
0-2 2.24 | 5.38 | 12.05 | 1.84 | 9.56 | 17.6 | 3.98 | 6.95 | 27.66 
2-4 2.66 | 3.60 | 9.58 | 2.04 | 2.83 | 5.77 | 2.53 | 0.93 | 2.35 
4-8 2.08 | 2.64 5.49 | 1.84 | 1.78 | 3.28 | 2.38 | 1.80 | 4.28 
8-12 1.71 | 0.94 | 1.61 | 1.88 | 2.41 | 4.53 | 2.46 | 2.23 | 5.49 
12-20 1.69 | 0.60 | 1.01 | 1.72 | 1.68 | 2.89 | 2.27 | 2.50| 5.68 
20-28 1.69 | 1.15 | 1.94 1.44] 1.80 | 2.59 | 1.92 | 2.85 | 5.47 
28-36 1.66 | 1.80 | 2.99 | 1.48 | 2.38 | 3.52 | 1.87 | 3.05 | 5.70 
36-48 1.50 | 2.38 | 3.57 | 1.48 | 2.57 | 3.80 | 1.79 | 3.22 | 5.76 
48-72 1.53 | 3.15 | 4.82 | 1.80 | 2.66 | 4.79 | 1.70 | 3.38 | 5.75 
72-96 1.66 | 3.18 | 5.28 | 1.84] 2.78 | 5.12 | 1.73 | 3.33 | 5.76 
96-120 1.71 | 3.49 | 5.97 | 1.92 | 2.80 | 5.38 | 1.60 | 4.47 | 7.15 

72-termination, 

average........ 1.74 | 3.54 6.16 | 1.88 | 2.92 | 5.49 | 1.68 | 3.92 6.59 


* Examination of the chow diet failed to detect any cholic acid in either conju- 
gated or free form. 
t Per kilo of body weight. 


phase which was mixed with 0.5 gm. of Celite. The columns were eluted 
with 100 ml. portions of movable phase, beginning with Skellysolve B and 
increasing the proportion of benzene by increments of 20 per cent until the 
column was finally eluted with 100 ml. of benzene. The eluates were col- 
lected in 25 ml. fractions at flow rates of from 1.2 to 1.5 ml. per minute. 
This basic column size was modified for the separation of larger amounts 
of material by increasing all components proportionately; e.g., for the 
separation of approximately 12 gm. of crude mixed bile acids we have used 
columns measuring 85 X 550 mm. which contained 1 kilo of Celite and 
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800 ml. of stationary phase. These columns were eluted with 10 liter por- 
tions of movable phase in the manner described above. 

Fig. 1 illustrates the approximate chromatographic behavior of several 
bile acids in the system just described. The double elution of deoxycholic 
acid over a broad solvent area has been found by us to be characteristic 
of this acid under these conditions. Chenodeoxycholic acid is eluted 
sharply in the same fractions as those of maximal elution of deoxycholic 
acid. Hyodeoxycholic acid can be separated from both of these acids, 
and cholic acid is separated by nearly one complete step of solvent mix- 
tures from hyodeoxycholic acid. Since each eluting solvent mixture was 
generally collected in four fractions regardless of the size of the column, 


LITHOCHOLIC 
— —+ DEOXYCHOLIC 
CHENODEOXYCHOLIC 
—~ HYODEOXYCHOLIC 
CHOLIC 


PER CENT OF BENZENE 
Fic. 1. Chromatographic behavior of five common bile acids. The solid lines 
indicate the order of elution of these acids. The dotted line indicates trace elution. 
The composition of the eluting solvent is given as the per cent of benzene in Skelly- 
solve B. 


each fraction was designated by referring to the eluting solvent used and 
the quarter of the volume of this solvent mixture involved; e.g., from Fig. 1, 
a small amount of deoxycholic acid was often eluted as early as Fraction 
20-1, the first quarter of the eluting solvent mixture containing (v/v) 20 
per cent benzene and 80 per cent Skellysolve B. 

The pattern of elution of solids in the cholic acid region for the free acids 
obtained from bile of animals maintained on ground Purina laboratory 
chow is shown in Fig. 2. After further purification of the fractions repre- 
sented by the diagonally lined bars, two new acids were obtained in crystal- 
line form. The acid less polar than cholic acid (Acid I, m.p. 225-226°) 
was crystallized from acetone, aqueous methanol, or a mixture of acetone 
and petroleum ether. Chromatography of the residues containing Acid I 
often gave fractions which crystallized on trituration with a small amount 
of acetone. The acid more polar than cholic acid (Acid II, m.p. 200-201°) 
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was readily obtained in crystalline form by trituration of residues from 
the eluates of the column with aqueous acetic acid. Acid II was further 
purified by recrystallization from aqueous acetone or acetic acid and finally 
from mixtures of acetone and petroleum ether or acetone, ether, and pe- 
troleum ether. Both acids were distinguished from cholic acid by their 
failure to give the color test for cholic acid (11). Purified samples of Acid 
II could not be chromatographed satisfactorily on the acetic acid-benzene- 
Skellysolve B partition column because of the insolubility of the acid in 
these solvents. A more suitable system was obtained by replacing ben- 
zene with chloroform in the movable phase. In this solvent system Acid 


900 
= 
300 Y 
Lj 
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ELUATE 
Fic. 2. Elution of solids in the cholic acid region for free bile acids obtained from 
rat bile. The heights of the bars indicate mg. of eluted solids. The diagonally lined 
bars represent the fractions which were further studied as described in the text and 
which yielded Acids I and II. The volume of eluate (L.) is given in liters and com- 
position of the eluate (%C.H«<) as the per cent of benzene in Skellysolve B. 


II was eluted with a mixture containing (v/v) 50 per cent chloroform and 
50 per cent Skellysolve B. 

Identification of Acids I and II As Metabolites of Chenodeoxycholic Acid 
and Determination of Amounts of These Acids in Rat Bile—In order to de- 
termine the amounts of Acid I and Acid II present in rat bile collected 
under varied experimental conditions, and at the same time identify these 
acids as the metabolites of chenodeoxycholic acid-24-C™ in the rat, several 
isotopic dilution experiments were carried out. The specimens of labeled 
metabolites used in these dilution experiments were non-crystalline chro- 
matographic fractions of relatively high specific activity which had been 
obtained from rat bile as described in Paper II of this series (12). 

The radiopurity of these preparations, 7.e. the amount of the C™ present 
in Acid I or Acid II, was determined by the addition of an accurately 
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weighed amount of Acid I or Acid II to an aliquot of the appropriate la- 
beled metabolite and crystallization to constant specific activity. Table 
II shows the results of this dilution experiment. From the specific activ- 
ity of the diluted acid (SA) after recrystallization and the mg. of unlabeled 
acid used in the dilution (W), the amount of C™ (d.p.m.) present in the 


II 


Isotopic Dilution of Two Metabolites of Chenodeoxycholic Acid-24-C™ 
in Rat with Acid I and Acid II 


No. of Specific 
Crystallizing solvent Mg. 

108 

Acid I* Acetone 2 20 2.71 
Aqueous methanol 3 15 2.81 

Methanol + ethyl acetate 2 5 2.78 

Acid IIt Acetone + petroleum ether 2 34 1.56 

Aqueous acetic acid 2 
Acetone + petroleum ether 1 26 1.59 
+ 2 17 1.58 


* 34.404 mg. of Acid I were added to 9.78 X 10‘ d.p.m. to give an original specific 
activity of 2.84 X 10° d.p.m. per mg. 

t 41.796 mg. of Acid II were added to 7.98 X 10‘ d.p.m. to give an original specific 
activity of 1.91 X 10° d.p.m. per mg. 


labeled metabolite (W*) in the aliquot of the original solution was deter- 
mined.?: 3 


D.p.m. = SA(W! + W) 


For the quantitative determination of Acids I and II, samples of pooled 
bile from rats maintained on Purina chow or on purified rations were frac- 
tionated as already described in the text, except that aliquots of these 
standardized solutions of the labeled metabolites of chenodeoxycholic acid 
were added to the mixed free bile acids prior to chromatography. The 
patterns of elution of solids and radioactivity in the cholic acid region for 
the free bile acids obtained from one of these pooled bile samples are shown 
in Fig. 3. In both cases the respective labeled metabolites accompanied 
the two new acids throughout the process of their purification. The 
amounts of Acids I and II in the bile samples (W) were calculated from 


2 This experiment not only described the radiopurity of the added labeled metabo- 
lites but also assisted in their identification as Acid I and Acid II since the specific 
activity of the acids remained constant during several crystallizations. 

3 In these calculations, the contribution of W', the weight of labeled metabolite, 
was small and has been omitted. In each case, the error introduced by this omission 
is less than 0.8 per cent. 
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ELUATE 
Fic. 3. Elution of solids and C™ in the cholic acid region for free bile acids ob- 
tained from rat bile collected under Condition A (see Table 1). The heights of the 
open bars from the base line to the top indicate eluted solids. The heights of the 
diagonally lined bars from the base line to the top indicate eluted C'. The volume 
of eluate (L.) is given in liters and composition of the eluate (%CeHe) as the per cent 
of benzene in Skellysolve B. 


TABLE III 


Calculated Amounts of Acids I and II and Yields of Isolation from Bile Samples 
Obtained under Varied Experimental Conditions 


Condition A* Condition B* Condition C* 
cholic cholic acidt cholic ‘acidt 
Acid I | D.p.m. added 1.91 X 105 | 9.53 X 104 | 3.81 X 105 
Specific activity, d.p.m. per | 1.15 X 10 1.68 X 10° 
mg. 
Calculated, mg. 166 <14 (None | 227 
isolated) 
Found, mg. 50 56 
| Yield, % 30 25 
Ratio, mg. per gm. cholic acid | 81 70 
Acid II | D.p.m. added 1.31 XK 105 | 6.56 X 104 | 2.62 X 105 
Specific activity, d.p.m. per | 6.50 X 10? 8.17 X 10? 
mg. 
Calculated, mg. 202 <8 (None | 321 
isolated) 
Found, mg. 93 64 
Yield, % 46 20 
Ratio, mg. per gm. cholic acid | 98 99 


* The experimental conditions for the collection of the bile were the same as 
those described in Table I. 
t Total cholic acid eluted from the column. 
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the amount of added radioactivity (d.p.m.) in the respective acids (W') 
and the specific activity of the isolated Acids I and II according to the 
formula’ 


d.p.m. 
SA 


W = — W} 

From these values, it was also possible to observe the percentage yield of 
the isolation procedure. The calculated amounts of Acids I and II in the 
bile samples, the percentage yield of the isolation procedure, and the ratio 
of these new acids to cholic acid expressed as mg. per gm. of cholic acid are 
shown in Table III. No Acid I or Acid II could be isolated from the 
pooled bile obtained from animals on the purified diet. The maximal 
amounts of these acids that could have been present in this sample of bile 
are given in Table III. These values were obtained by considering the 
specific activity of the non-crystalline residues obtained after repeated 
chromatography of the Acid I and Acid II fractions obtained from the 
original column. 


DISCUSSION 


The variations in experimental technique used in these studies for the 
collection of rat bile can be described as functional in those experiments 
in which a postoperative recovery period preceded bile collection and nu- 
tritional in those experiments in which the animals were maintained on a 
purified diet. The marked difference in cholic acid and bile production 
after a 48 hour postoperative recovery period in comparison with the data 
obtained by immediate bile collection can be attributed to a functional 
improvement in both intestinal bile acid absorption and hepatic response 
to bile depletion. The effects of an adequate purified diet (in comparison 
with ground chow) are not seen in Table I, which describes bile and cholic 
acid production, but are evident in Table III, which describes the occur- 
rence of Acids I and II. Bile collected from these animals was markedly 
deficient in Acids I and II. These results provide a preliminary back- 
ground for a further study of functional and nutritional effects on bile and 
bile acid production. 

The isolation of Acids I and II from rat bile is a demonstration of the 
adequacy of the chromatographic procedure used. ‘The low concentration 
of these acids in rat bile (~0.25 mg. per ml.) and their close association 
with large amounts of cholic acid are eloquent testimony to the efficiency 
of this procedure. 

On the basis of the relationship of their chromatographic behavior to 
cholic acid and their metabolic relationship to chenodeoxycholic acid, Acids 
I and II can be tentatively considered to be 3,7,2-trihydroxycholanic 
acids. The chemistry of Acid I is reported in Paper V (13). 
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SUMMARY 
Two new acids were isolated from rat bile and were found to be identical 


with two metabolites of chenodeoxycholic acid in the rat. Preliminary 
studies were carried out on functional and nutritional effects on the produc- 
tion of bile, cholic acid, and the newly isolated acids. 
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BILE ACIDS 


II. METABOLISM OF DEOXYCHOLIC ACID-24-C*% AND 
CHENODEOXYCHOLIC ACID-24-C' IN THE RAT* 


By THEODORE A. MAHOWALD,{ JOHN T. MATSCHINER,{ S. L. HSIA, 
ROBERT RICHTER, E. A. DOISY, Jr., WILLIAM H. ELLIOTT, 
AND EDWARD A. DOISY 


(From the Departments of Biochemistry and Internal Medicine, St. Louis 
University School of Medicine, St. Louis, Missouri) 


(Received for publication, October 2, 1956) 


The development of excellent new chromatographic procedures for the 
separation of conjugated (1) and free bile acids (2) has facilitated study 
of the metabolism of C-labeled deoxycholic acid and chenodeoxycholic 
acid.1 Some of our data are confirmatory of the work conducted in Berg- 
strém’s laboratory, but additional interesting observations have been made. 
After intraperitoneal administration of deoxycholic acid-24-C* to rats with 
bile fistulas, Bergstr6ém et al. (3) recovered more than half of the radio- 
activity as labeled cholic acid. In the same type of experiment, cheno- 
deoxycholic acid-24-C' gave two metabolites which chromatographed 
similarly to cholic acid, but neither was identical with cholic acid (4). 
Mahowald et al. (5) and Matschiner et al. (6) have reported the isolation 
of these metabolites of chenodeoxycholic acid from rat bile. 

This report is concerned with a study of the metabolism of deoxycholic 
acid-24-C™ and chenodeoxycholic acid-24-C™“ in normal rats and in rats 
with ligated or cannulated bile ducts. The amounts of radioactivity in 
the excretory products were determined in these animals after intragastric 
administration, and the bile and urine were fractionated to ascertain the 
nature of the radioactive metabolites. Absorption studies with the labeled 
acids were also performed on rats with both cannulated intestinal lym- 
phatic and bile ducts. 


* Preliminary reports of the studies contained in this paper were presented at 
meetings of the Federation of American Societies for Experimental Biology at Atlan- 
tic City, April, 1954, and San Francisco, April, 1955. 

t The material presented herein is taken, in part, from theses submitted to the 
Graduate School of St. Louis University by John T. Matschiner and Theodore A. 
Mahowald in partial fulfilment of the requirements for the degree of Doctor of Phi- 
losophy in Biochemistry. 

1 We are indebted to Dr. Claire E. Graham of The Wilson Laboratories, Chicago, 
Illinois, for a generous supply of cholic and deoxycholic acids. 
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EXPERIMENTAL 


Synthesis of Deoxycholic Acid-24-C™ and Chenodeorycholic Acid-24-C'4%— 
The carboxyl-labeled acids used in these studies were prepared from the 
norbromide through a nitrile synthesis by the method of Bergstrém et al. 
(7), except that a larger excess of the norbromide was used than was re- 
ported by these workers. The norbromides were prepared by bromine 
degradation of the silver salt of the corresponding acid diacetates as re- 
ported by Brink et al. (8). 

A 3-fold molar excess of 23-bromo-3a, 12a-diacetoxynorcholane (1.6 gm., 
m.p. 127—129°) was allowed to react with 0.92 mmole of potassium cyanide? 
containing 2.0 mc. of C. After hydrolysis, 263 mg. of an acidic fraction 
were obtained (72 per cent). The deoxycholic acid-24-C™ was purified by 
crystallization from acetone and dried in vacuo at 147° for 1.5 hours. The 
labeled acid was characterized by its melting point (176-177.5°), which 
showed no depression on admixture with authentic deoxycholic acid, and 
by the preparation of the methyl ester of the diacetate of this acid, m.p. 
117.5-118.5° (9). Radioassay of the deoxycholic acid-24-C™ was carried 
out by oxidation of the material to carbon dioxide which was precipitated 
as BaCO,; and counted with a thin window Geiger tube. By comparison 
with a standard BaC"“O, sample, the labeled acid was found to have a 
specific activity of 3.7 uc. per mg. 

Chenodeoxycholic acid-24-C was prepared by a similar procedure. The 
reaction mixture contained 770 mg. of 23-bromo-3a,7a-diacetoxynorcho- 
lane (m.p. 185-188°), 20.2 mg. of potassium hydroxide, and 32.9 mg. of 
potassium cyanide? containing 1 me. of C™. After hydrolysis, 156.5 mg. 
(79.5 per cent) of crude chenodeoxycholic acid-24-C™ were obtained. The 
product was repeatedly crystallized from a mixture of acetone, benzene, 
and petroleum ether. The purified product, weighing 46 mg. and melting 
at 144-146° with no depression on admixture with authentic chenodeoxy- 
cholic acid, was used in the following experiments. Radioassay of the 
labeled acid by the procedure described for deoxycholic acid-24-C™ gave 
a specific activity of 4.4 uc. per mg. 

Distribution Studies—Distribution studies were carried out for each acid 
on three groups of adult male rats of the St. Louis University colony. One 
group was prepared for collection of bile by cannulation of the bile duct. 
A second group was surgically jaundiced by doubly ligating and severing 
the bile duct. Three normal animals were kept in cages suitable for the 
collection of the expired air. Under light ether anesthesia, each animal 
received, by stomach tube, approximately 1 mg. of the labeled acid as the 


? The radioactive potassium cyanide was purchased from the Nuclear Instrument 
and Chemical Corporation, Chicago, Illinois, on allocation from the Atomic Energy 
Commission. 
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sodium salt in 1 ml. of water. The urine and feces and, in appropriate 
animals, bile or expired air were collected at regular intervals, and aliquots 
were taken for radioassay. Operative techniques and methods of collec- 
tion of specimens and C™ assay were the same as those previously de- 
scribed (10), except that polythene tubing with a beveled tip was used for 
all cannulations. 

After administration of either labeled chenodeoxycholic or deoxycholic 
acid, the excretion patterns were similar (Fig. 1). The route of excretion 
was affected by the type of experimental animal. In normal animals, 


NC- FECES BF - BILE DL- URINE 
D(3) CD(3) D(4) CD(3) 
80: 
2 40: - 
© 20: 
DAYS 


Fic. 1. Average daily excretion of C™ by the principal excretory route. All ani- 
mals received approximately 1 mg. of deoxycholic acid-24-C™ (D) or chenodeoxy- 
cholic acid-24-C'* (CD) intragastrically. The heights of the bars indicate the per- 
centages of the administered dose recovered. NC represents normal animals, BF, 
animals with bile fistulas, and DL, animals with ligated bile ducts. The number of 
animals used is given in parentheses. 


essentially all of the radioactivity was excreted in the feces; only 0.2 and 
0.5 per cent were found in the urine with deoxycholic acid and chenode- 
oxycholic acid, respectively, over the 10 day period, and none was found 
in the expired air. In the animals with bile fistulas, the C was rapidly 
excreted in the bile; an average of 1.2 and 1.3 per cent was found in the 
feces and of only 0.1 and 0.4 per cent in the urine with deoxycholic acid and 
chenodeoxycholic acid, respectively, over a 5 day period. In animals with 
ligated bile ducts the urine became the principal excretory route, with an 
average of 3.7 and 2.9 per cent appearing in the feces over a 9 day period 
after the administration of labeled deoxycholic acid and chenodeoxycholic 
acid, respectively. 

Fractionation of Biliary Radioactivity—Samples of pooled bile from each 
animal were deproteinized by the addition of 10 volumes of 95 per cent 
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ethyl alcohol, and the alcoholic filtrates were evaporated to dryness in 
vacuo. ‘The residues were dissolved in a small volume of water, acidified 
to pH 1, and diluted with 6 volumes of butyl alcohol. These solutions 
were washed thoroughly with water, and the washings were reextracted 
with a small amount of butyl alcohol. The aqueous phases retained from 
0 to 0.35 per cent of the biliary radioactivity. After evaporation of the 
butanol extracts to dryness in vacuo, the residues were subjected to reverse 
phase chromatography as described by Bergstrém and Norman (1). In 
agreement with their results, taurocholic acid, glycocholic acid, and free 
cholic acid were eluted as described in their report.2 After administration 
of either labeled deoxycholic or chenodeoxycholic acid, nearly all of the 
C™ in the extracts appeared in the taurine-conjugated fractions. How- 
ever, 2.2 per cent of the C™ in experiments with labeled deoxycholic acid 
and 1.3 per cent in those with labeled chenodeoxycholic acid appeared to 
be glycine conjugates. Only 0.4 per cent of the deoxycholic acid radio- 
activity, but none of the C™ of chenodeoxycholic acid, was eluted in free 
bile acid fractions. Subsequent washing of the column with chloroform 
removed 3.8 per cent of the chromatographed radioactivity of deoxycholic 
acid, but none of the C™ of chenodeoxycholic acid. The total recovery 
averaged 97 and 96 per cent, respectively, for these acids. 

To examine further the extent of metabolism of the administered acids, 
the taurine-conjugated fractions from individual columns were combined, 
the organic solvents were evaporated in vacuo, and the residues were dis- 
solved in approximately 15 ml. of 5 per cent sodium hydroxide and auto- 
claved at 120° for 3.5 hours. Ether extracts of the basic hydrolysates 
contained no radioactivity. After acidification and extraction with ether, 
the aqueous phases retained from 0.2 to 3.1 per cent of the radioactivity. 

The ether extracts containing the acids were evaporated, and the residues 
were chromatographed on partition columns (Celite), with 70 per cent 
aqueous acetic acid being used as the stationary phase and mixtures of 
Skellysolve B and benzene as the movable phases (6). The elution pat- 
tern of the ether-soluble radioactivity from one animal which had been 
given labeled deoxycholic acid (Rat DBF;) is shown in Fig. 2. The C 
in the eluates from Fractions 20-1 to 40-4, representing 47 per cent of the 
biliary radioactivity, was chromatographically identical with deoxycholic 
acid. The irregular early elution of trace amounts of deoxycholic acid in 
Fractions 20-1 to 20-4 has been found to be characteristic of this compound 


*’ Chromatography of beef bile plus added unconjugated cholic acid in the aqueous 
methanol and octanol-chloroform system of Bergstrém and Norman (1) gave the con- 
firmatory results described in the text. Chromatography of normal rat bile revealed 
small amounts of glycocholic acid and only traces, if any, of free cholic acid; how- 
ever, in nutritional experiments, we have observed increased amounts of both glyco- 
cholic and free cholic acids in rat bile (unpublished experiments). 
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in the solvent system used. These fractions were mixed with approxi- 
mately 25 mg. of authentic deoxycholic acid and chromatographed. The 
radioactivity was eluted coincident with the deoxycholic acid, and three 
recrystallizations of the chromatographed material, once from a mixture 
of ethyl acetate and petroleum ether and twice from a mixture of acetone 
and petroleum ether, did not change the specific activity of the crystals. 
The second zone‘ of elution of C™, from Fractions 80-1 to 80-4 (Fig. 2), 
contained 43 per cent of the biliary radioactivity; it included the elution 
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Fic. 2. Chromatographic analysis of the free bile acids obtained from the bile 
of an animal given deoxycholic acid-24-C™. The heights of the bars indicate the per- 
centages of the chromatographed C'*. The volume of the eluate is given as ml. 
(MI.) or liters (L.) and the composition of the eluate (%C.eH¢) is given as the per 
cent of benzene in Skellysolve B. 


of 50.8 mg. of cholic acid as determined by the furfural-sulfuric acid col- 
orimetric assay (11). After chromatography of these fractions, the cholic 
acid was crystallized several times from a mixture of acetone and benzene, 
and the crystals were dried in vacuo at 100° for 10 hours. ‘The cholic acid 
was identified by its melting point (199-200°), which showed no depres- 
sion on admixture with authentic cholic acid, and by its specific rotation 
({a]* +40° in methanol). Methyl cholate was prepared as a deriva- 
tive, m.p. 156-157° (12). ‘The specific activity of the cholic acid remained 
constant during several crystallizations and during the preparation of the 
derivative, indicating that the radioactivity eluted in the fractions was 

‘ In connection with the discussion of the graphical presentation of data in this and 


subsequent papers, the term zone is used to designate a peak of radioactivity in a 
fraction; it may include the eluates preceding and following the peak. 
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present as labeled cholic acid. Upon chromatography of the free bile acids 
obtained by hydrolysis from each animal, an average of 38.6 per cent (range 
from 29.3 to 43.5 per cent) of the radioactivity was eluted in the cholic 
acid fractions and 54 per cent in the deoxycholic acid fractions, with an 
average over-all recovery of 97 per cent. 

The conjugated bile acids obtained from the bile of animals given cheno- 
deoxycholic acid-24-C™ were hydrolyzed, and the free bile acids were ex- 
tracted by the process used in the experiments with labeled deoxycholic 
acid. After extraction with ether, the aqueous phases retained from 0.7 to 
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Fic. 3. Chromatographic analysis of the free bile acids obtained from the bile 
of an animal given chenodeoxycholic acid-24-C". The heights of the open bars indi- 
cate the percentages of the chromatographed C™. The heights of the diagonally 
lined bars from the base line to the top indicate the mg. of cholic acid as determined 
by colorimetric assay (11). See the legend to Fig. 1 for an explanation of the sym- 
bols. 


3.8 per cent of the radioactivity. The ether extracts were evaporated, and 
the residues were chromatographed on the 70 per cent aqueous acetic acid 
partition column as described by Matschiner et al. (6). The pattern of 
elution of cholic acid and the ether-soluble radioactivity from one animal 
(Rat CDBF)) is shown in Fig. 3. The C™ in Fractions 40-1 and 40-2 rep- 
resents 49 per cent of the biliary radioactivity; it was identified as cheno- 
deoxycholic acid by dilution with authentic chenodeoxycholic acid and 
crystallization to constant specific activity. The other two zones of C™ 
elution contained 18 and 22 per cent of the chromatographed C™, respec- 
tively. 

Upon chromatography of the free acids from each of the other animals, 
an average of 55 per cent (range from 47 to 64 per cent) of the radioactiv- 
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ity was eluted in the chenodeoxycholic acid fractions. 15 per cent (range 
from 12 to 18 per cent) of the chromatographed C™ was found in the frac- 
tions immediately preceding cholic acid and 20 per cent (range from 18 to 
22 per cent) was found in the fractions following cholic acid, with a total 
recovery of 97 percent. The isolation of two new trihydroxycholanic acids 
from rat bile identical with these labeled metabolites of chenodeoxycholic 
acid-24-C™ is reported in Paper I of this series (6), Acid I being the metab- 
olite of chenodeoxycholic acid less polar than cholic acid and Acid II the 
metabolite more polar than cholic acid. 

The procedure of protein precipitation, butanol extraction, chromatog- 
raphy of the butanol extract, and hydrolysis of the taurine-conjugated 
acids was usually followed. However, in several instances with animals 
which had been given either labeled deoxycholic acid or chenodeoxycholic 
acid, the free bile acids were obtained directly by adding sodium hydroxide 
to the bile to give a concentration of 5 per cent and autoclaving the mix- 
ture at 120° for 3.5 hours. Ether extracts of the basic hydrolysates con- 
tained no radioactivity. After acidifying the hydrolysates and extracting 
with ether, an acid fraction was obtained which contained nearly all of the 
C™ present in the original bile. The aqueous phases retained from 0.7 to 
1.0 per cent of the radioactivity. Chromatography of the acid fractions 
gave essentially the same elution pattern of radioactivity as that observed 
with the free bile acids obtained by the longer procedure described above. 

Fractionation of Urinary Radioactivity—The urines from the individual 
animals with ligated bile ducts which had been given labeled deoxycholic 
acid or chenodeoxycholic acid were appropriately combined, acidified to 
pH 1, and extracted with butyl alcohol. The butanol phases were thor- 
oughly washed with water, and the water was reextracted with a small 
amount of butyl alcohol. The aqueous phase retained from 0.8 to 7.0 per 
cent of the urinary radioactivity. Chromatography of the butanol resi- 
dues on the reverse phase partition column of Bergstrém and Norman (1) 
gave essentially the same results with each acid. Nearly all the radioac- 
tivity was eluted in the taurine-conjugated fractions, with an average of 
5.6 per cent appearing in later fractions. Washing of the columns with 
chloroform extracted an average of 2.6 per cent of the chromatographed 
radioactivity in the experiments with labeled deoxycholic acid and less than 
0.5 per cent in those with labeled chenodeoxycholic acid. 

After hydrolysis of the conjugated bile acids and extraction of the hydrol- 
ysate as described for the experiments on bile, the aqueous phases retained 
from 8.4 to 15.8 per cent and from 5.3 to 21.7 per cent of the radioactivity 
in the experiments with labeled deoxycholic acid and chenodeoxycholic 
acid, respectively. These values are significantly higher than those ob- 


788 BILE ACIDS. II 


served in the case of the biliary radioactivity (see above). The free urinary 
bile acids were separated on the acetic acid partition column. Fig. 4 shows 
the elution pattern of one-tenth of the ether-soluble radioactivity from one 
animal (Rat DDLs) given labeled deoxycholic acid. Fractions 80-1 to 
80-3 contained 84.5 per cent of the chromatographed C™ and also 1.2 mg. 
of cholic acid as determined by the furfural-sulfuric acid colorimetric assay 
(11). Upon chromatography of the free urinary bile acids from each an- 
imal, an average of 80 per cent of the radioactivity was eluted in the cholic 
acid fractions. An average of 5.6 per cent was eluted later than cholic 
acid (more than 500 ml. of eluting solvent), and 6.7 per cent was detected 


60: 

uJ 

: 

oe 

ML. O 100 200 300 400 600 
O + 20 1 40 1 60 + 8O + 100 


ELUATE 


Fic. 4. Chromatographic analysis of the free bile acids obtained from the urine 
of a surgically jaundiced animal given deoxycholic acid-24-C™. The heights of the 
bars indicate the percentages of the chromatographed C™. See the legend to Fig. 1 
for an explanation of the symbols. 


in a final washing of the column with acetic acid. Only 2.7 per cent of the 
chromatographed C™ could be detected in the deoxycholic acid fractions. 
The cholic acid obtained from the total urine of one animal was chromat- 
ographed and crystallized, and the specific activity was determined. This 
specific activity remained constant during three crystallizations, once from 
a mixture of acetone and petroleum ether, once from a mixture of acetone 
and benzene, and once from a mixture of methanol and water, indicating 
that the radioactivity in the zone was present as labeled cholic acid. 

The free bile acids obtained from the urine of jaundiced animals given 
labeled chenodeoxycholic acid were chromatographed on acetic acid par- 
tition columns 5 times as large as the basic size previously described (6). 
Fig. 5 shows the elution pattern of the ether-soluble radioactivity from one 
animal (Rat CDDL;). The main zone of elution of C™ contains 67 per 
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cent of the chromatographed C™,. Experiments on two additional rats 
gave confirmatory data, the average of the chromatographed C™ in these 
fractions being 71 per cent. The identification of this metabolite as Acid 
I and a quantitative study of the amounts of Acid I and cholic acid present 
in the urine of rats under conditions of surgical jaundice are reported in 
Paper III of this series (13). 

Absorption of Intragastrically and Intraduodenally Administered Deozxy- 
cholic Acid-24-C"* and Chenodeoxycholic Acid-24-C'—Absorption studies 


a 
= 
3 
30 
5 
25: 
15 
O 
~ 
f 
L. O 0.5 1.0 1.5 20 25 3.0 
MCoHet O + 20 + 40 + 60 + 8O + 100 | 
ELUATE 
Fic. 5. Chromatographic analysis of free bile acids obtained from the urine of a 
surgically jaundiced animal given chenodeoxycholic acid-24-C™. The heights of the 


open bars indicate the percentages of the chromatographed C. The heights of the 
diagonally lined bars from the base line to the top indicate the mg. of cholic acid in 
the eluate as determined by colorimetric assay (11). See the legend to Fig. 1 for 
an explanation of the symbols. 


were carried out with each labeled acid on two adult male rats prepared 
with bile duct and intestinal lymphatic fistulas. Surgical procedures and 
postoperative treatment were the same as those which have been described 
previously (14, 15). Deoxycholic acid-24-C" was administered to two an- 
imals 42 hours after surgery. Under light ether anesthesia, one animal 
(Rat DLF;) received, by stomach tube, approximately 1 mg. (3.7 yc.) of 
the labeled acid as the sodium salt in 1 ml. of water. Another animal 
(Rat DLF:) received the labeled acid intraduodenally, without anesthesia, 
through an inlying duodenostomy tube inserted through the distal portion 
of the bile duct. Two similar animals were given approximately 1 mg. of 
chenodeoxycholic acid-24-C™ (4.4 ue.) 48 hours after surgery by stomach 
tube (Rat CDLF;) and intraduodenally (Rat CDLF;). The bile, urine, 
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feces, and lymph were collected at definite time intervals, and an aliquot 
was taken for radioassay as described previously (10). 

Less than 0.1 per cent of the radioactivity was recovered in the lymph 
of these animals in the first 12 hour period, whereas nearly all of the C" 
was recovered in the bile during the same period, indicating nearly com- 
plete absorption of the administered bile acids via the portal system. Less 
than 0.1 per cent of the radioactivity was recovered in the urine and 1.5 
per cent in the feces over a 36 hour period. 


uJ 
Zz 
30° 
12 


HOURS 


Fic. 6. Cumulative recovery of administered C™ in the bile. The quantities of 
C4 are expressed as percentages of the C' administered. D, broken line, or CD, 
solid line, indicates the labeled acid administered, deoxycholic acid-24-C™ or cheno- 
deoxycholic acid-24-C™, respectively. LF:, animals which received the bile acid 
intragastrically under light ether anesthesia 42 or 48 hours (see the text) postoper- 
atively; LF:, animals which received the acid intraduodenally without anesthesia 
42 or 48 hours postoperatively; BF, animals described in Fig. 1, which received the 
bile acid while under ether anesthesia immediately after surgery. 


The rate of recovery of the administered radioactivity in the bile can be 
seen in Fig. 6. After intraduodenal administration (Rats DLF: and 
CDLF:), 76 and 91 per cent of the C™ were recovered within 1 hour. The 
slower, irregular biliary recovery after intragastric administration under 
light ether anesthesia (Rats DLF; and CDLF;) was more similar to the 
recovery rate observed in the distribution studies, in which the labeled 
acids were administered intragastrically to rats with cannulated bile ducts 
immediately after surgery. The average data obtained from these animals 
(Rats DBF and CDBF) over the first 12 hours are included in Fig. 6 for 
comparison. 

On fractionation of the biliary radioactivity obtained after intraduodenal 
administration of deoxycholic acid-24-C™ (Rat DLF:), 30.1 per cent of the 
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C was found in the cholic acid fractions and 65.5 per cent in the deoxy- 
cholic acid fractions. Fractionation of the biliary radioactivity obtained 
after intraduodenal administration of chenodeoxycholic acid-24-C™ gave 
7.0 and 11.6 per cent of the C™ in the Acid I and the Acid II fractions, re- 
spectively, and 71 per cent of the radioactivity in the chenodeoxycholic 
acid fractions. 


DISCUSSION 


The excretory pathways of the radioactivity after intragastric adminis- 
tration of deoxycholic acid-24-C™ and chenodeoxycholic acid-24-C™ to nor- 
mal and bile fistula rats shown in Fig. 1 are comparable with the results 
obtained in Bergstrém’s laboratory with several labeled bile acids admin- 
istered intraperitoneally (3, 16, 17). The small amounts of C™ detected 
in the feces of the animal which had undergone operation emphasize the 
efficiency with which the bile acids are absorbed from the gut. The marked 
difference between the excretory rate in the bile and in the feces is com- 
patible with the now accepted enterohepatic circulation described for the 
bile acids (18-20). 

The chromatographic behavior of the biliary C™ prior to hydrolysis is 
in accord with the observations of Norman (21) and others that the rat 
excretes bile acids in the bile mainly as taurine conjugates. The chromat- 
ographic behavior of the urinary C™ from animals with ligated bile ducts 
suggests that the same conjugation pattern occurs in the urine under these 
conditions. However, the increased resistance of this material to alkaline 
hydrolysis as noted in the text may be due to some difference in the chem- 
ical nature of part of the urinary conjugated radioactivity. 

The data shown in Fig. 2 confirm the observations of Bergstrém et al. 
(3) on the conversion of deoxycholic acid to cholic acid in the rat. The 
data shown in Fig. 3 indicate that chenodeoxycholic acid is metabolized 
by the rat to two other bile acids, as was observed earlier by Bergstrém 
and Sjévall (4). The isolation of these metabolites and their subsequent 
chemical characterization have shown them to be two new trihydroxycho- 
lanic acids (5, 6, 22). The preparation of one of these metabolites by par- 
tial synthesis has been carried out and appears in Paper V (22). 

As shown in Fig. 4 and in the text, under conditions of bile duct ligation 
an average of 80 per cent of the administered deoxycholic acid was con- 
verted to cholic acid. Less than 3 per cent of the chromatographed C™ 
could be detected in the deoxycholic acid fractions. In similar experi- 
ments with chenodeoxycholic acid-24-C", 71 per cent of the chromato- 
graphed C™ appeared in the Acid I fractions and less than 2 per cent could 
be detected in the chenodeoxycholic acid fractions. A detailed study of 
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the concentrations of Acid I and cholic acid in the urine of animals with 
ligated bile ducts is reported in Paper III of this series (13). 

The small amount of C observed in the lymph after intragastric or in- 
traduodenal administration of these acids is in agreement with observa- 
tions of others on the absorption of C'-labeled cholanic acid (23) and tau- 
rocholic acid (19) and of taurocholate-S** (20) in the rat. 


SUMMARY 


Deoxycholic acid-24-C" and chenodeoxycholic acid-24-C'* were prepared 
by the methods of Bergstrém et al. After intragastric administration to 
normal animals, the C was excreted in the feces over a 10 day period. No 
radioactivity was found in the expired air. In animals with cannulated 
bile ducts, the radioactivity was rapidly recovered in the bile, while, in an- 
imals with ligated bile ducts, the urine became the principal excretory route. 
After intragastric or intraduodenal administration, less than 0.1 per cent 
of the C' was recovered in the lymph. Animals with cannulated bile 
ducts converted from 29.3 to 43.5 per cent of the administered deoxycholic 
acid to cholic acid. The conversion to cholic acid in animals with ligated 
bile ducts was from 65 to 91 per cent. Chenodeoxycholic acid was metab- 
olized to the two new bile acids, Acid I and Acid IT, in animals with cannu- 
lated bile ducts. Acid I was formed to the extent of 15 per cent and Acid 
II to the extent of 20 per cent. In the urine of rats with ligated bile ducts, 
Acid I represented the main metabolite of chenodeoxycholic acid, with 71 
per cent of the chromatographed C' appearing in these fractions. 
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III. ACID I; THE PRINCIPAL BILE ACID IN URINE 
OF SURGICALLY JAUNDICED RATS* 


By THEODORE A. MAHOWALD,t JOHN T. MATSCHINER,f S. L. HSIA, 
E. A. DOISY, Jr., WILLIAM H. ELLIOTT, anp EDWARD A. DOISY 


(From the Departments of Biochemistry and Internal Medicine, St. Louis 
University School of Medicine, St. Louis, Missouri) 


(Received for publication, October 2, 1956) 


After intragastric administration of chenodeoxycholic acid-24-C™ or de- 
oxycholic acid-24-C" to rats with ligated bile ducts, more than 90 per cent 
of the radioactivity was recovered in the urine (1-3). Fractionation of 
the urinary C from these animals indicated that extensive metabolism of 
the administered acids had occurred. Cholic acid was identified as the 
principal metabolite of deoxycholic acid, whereas chenodeoxycholic acid 
was converted mainly to a single metabolite chromatographically similar 
to Acid I which has been isolated from rat bile and shown to be a 3,6,7- 
trihydroxycholanic acid (4, 5). 

This report is concerned with the isolation of Acid I from the urine of 
surgically jaundiced rats and its identification as a metabolite of chenode- 
oxycholic acid under these conditions. Isotopic techniques were applied 
to determine quantitatively the amounts of Acid I in the urine for 9 days 
following bile duct ligation. ‘The amount of cholic acid in the urine during 
this same period was determined by colorimetric assay of the appropriate 
chromatographic fractions. 


EXPERIMENTAL 


Three large male rats from the St. Louis University colony weighing be- 
tween 420 and 500 gm. were jaundiced experimentally by doubly ligating 
and severing the bile duct. Immediately after surgery, each animal re- 
ceived, by stomach tube, approximately 1 mg. (4.4 ue.) of carboxyl-labeled 
chenodeoxycholic acid as the sodium salt in 1 ml. of water. The urine was 
collected for 9 days after surgery and administration of the labeled acid. 


* A preliminary report of the studies contained in this paper was presented at the 
meeting of the Federation of American Societies for Experimental Biology at Atlan- 
tic City, April, 1956. 

t The material presented here is taken, in part, from theses submitted to the 
Graduate School of St. Louis University by John T. Matschiner and Theodore A. 
Mahowald in partial fulfilment of the requirements for the degree of Doctor of Phi- 
losophy in Biochemistry. 
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As previously reported (3), more than 90 per cent of the C™ was excreted 
in the urine during this collection period. 

The urines collected from each of the rats were combined to give three 
samples, each representing periods of 72 hours, and each of the nine samples 
was analyzed separately according to the following procedure. ‘The urine 
was acidified with hydrochloric acid to pH 1 and extracted six times with 
equal volumes of butyl alcohol; each butanol extract was washed with a 
small amount of water, and the water was combined with the original aque- 
ous phase. Less than 1 per cent of the radioactivity remained in the com- 
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Fic. 1. Chromatographic analysis of the free bile acids obtained from the urine 
of one animal (Rat DL;) collected during the first 3 days after ligation of the bile duct. 
The heights of the open bars from the base line to the top indicate the amount of 
eluted solids. The diagonally lined bars represent the amount of cholic acid eluted 
as determined by colorimetric assay (6). The volume of eluate is given in liters 
(L.) and the composition of the eluate (%C.Hs) as the per cent of benzene in 
Skellysolve B. 


bined aqueous phase. The combined butanol extracts were taken to dry- 
ness in vacuo, the residue was dissolved in 100 ml. of 5 per cent sodium 
hydroxide, and this solution was autoclaved at 120° for 3.5 hours. After 
acidification with HCl to between pH 1 and 2, the aqueous phase was ex- 
tracted four times with 200 ml. of ether; 18 per cent of the C™ remained 
in the aqueous phase. The ether-soluble fraction was evaporated to dry- 
ness, and the residue was chromatographed on a partition column described 
previously for the separation of the free bile acids (4). A column 5 
times as large as that described was used. The results of the chromatog- 
raphy for urine collected from one animal (Rat DL;) during the first 3 
days after bile duct ligation are shown in Figs. 1 and 2. Elution of solids 
similar to that shown in Fig. 1 was found for each of the nine urine samples, 


30 
| Z 


MAHOWALD, MATSCHINER, HSIA, DOISY, ELLIOTT, DOISY 797 


except for the material eluted in Fraction 0-3, which was observed only in 
the urines collected during the first 3 day period. The first fractions, 
Fractions 0-1 and 0-2, may include relatively non-polar material such as 
fatty acids and lithocholic acid. Approximately half of the eluted solids 
appeared in the trihydroxycholanic acid fractions, Fractions 60-2 to 80-4. 
Part of this solid was cholic acid, as determined quantitatively by color- 
imetric assay (6) for each chromatographic separation. 

The elution patterns for cholic acid and for C* are depicted in Fig. 2. 
The principal fractions containing cholic acid (Figs. 1 and 2) were crys- 
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Fic. 2. Chromatographic analysis of the free bile acids obtained from the urine 
of one animal (Rat DLs) collected during the first 3 days after ligation of the bile 
duct. The heights of the open bars indicate the per cent of the chromatographed 
C' eluted. The heights of the diagonally lined bars indicate the amount of cholic 
acid eluted as determined by colorimetric assay (6). The volume of eluate is given 


in liters (L.) and the composition of the eluate (%C.He) as the per cent of benzene 
in Skellysolve B. 


tallized several times; the crystalline product contained less than 0.3 per 
cent of the chromatographed C™. Similar patterns of elution of radio- 
activity were found for each of the nine urine samples. The small amount 
of C™ in the chenodeoxycholic acid fractions, Fractions 40-1 and 40-2, in- 
dicated the presence of little unmetabolized chenodeoxycholic acid. The 
principal zone of radioactivity, from Fractions 60-2 to 60-4, was similar to 
the elution zone of Acid I. After chromatography of the residues obtained 
from these fractions, Acid I was obtained in crystalline form from each 
of the samples of urine. The acid was identified by its melting point 
(225-226°), which was not depressed on admixture with an authentic spec- 
imen of Acid I, and by the preparation of the methyl ester (m.p. 75°). 
Identification of Acid I As Metabolite of Chenodeoxycholic Acid and Deter- 
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mination of Amount of This Acid in Urine of Rats with Ligated Bile Ducts— 
The isolation and purification of Acid I from the nine samples of urine were 
accompanied in each case by radioassay of the crystals. In addition to 
this, an aliquot of the combined Acid I fractions from the original columns 
was diluted with unlabeled Acid I, and the diluted sample was crystallized 
to constant specific activity if the amount of C™ in the Acid I zone was 
sufficient to permit such an experiment. The results of these analyses of 
Acid I obtained from the urine of one animal (Rat DL;) during the first 3 
days after bile duct ligation are shown in Table I. The specific activity 


TABLE I 
Isotopic Analysis of Acid I Obtained from Urine of Rat DL,* 


Diluted Acid It Isolated Acid I 


No. of 
Crystallizing solvent crystalli- 


zations | Specific activi Specific activity 


of diluted Acid 1 | #fter 


f Acid I f 

in d.p.m. per mg. “sone 
meg. d.p.m. per mg. mg. 
Acetone 2 1.64 * 10° 36 1.68 < 105 12 
MeOH + H.O 3 1.61 X 10° 25 1.88 < 105 10 
+ EtOAc 2 1.60 105 8 1.92 105 4 


Methyl esterf 
Ether + petroleum ether 3 1.61 X 105 2 1.92 * 105 1 


* 0 to 72 hour collection of urine. 

t 47.597 mg. of unlabeled Acid I were added to 9.16 X 10‘ d.p.m. to give an original 
specific activity of 1.92 X 10° d.p.m. per mg. 

t The specific activities of the methyl esters were calculated on a molar basis for 
comparison with those of the free acids. 


of both the isolated and diluted samples of Acid I remained constant during 
several crystallizations and during the preparation and crystallization of 
the methy] ester, indicating that C™ was present in Acid I. 

Several additional quantitative observations were made from the data 
obtained in these studies. The amount of Acid I present in the Acid I 
fractions was determined by using the formula for inverse isotopic dilution 


(7) 
SA 
SA! — SA 


Wi = 50 X W 


where W! = weight in mg. of the Acid I present, SA! = the specific activ- 
ity of the isolated Acid I (1.92 10° d.p.m. per mg.), SA = the specific 
activity of the diluted material (1.61 X 10° d.p.m. per mg.), and W = the 
weight of unlabeled Acid I added (47.597 mg.). The factor of 50 was in- 
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cluded since one-fiftieth of the combined Acid I fractions was used in the 
dilution experiment. The values in parentheses are those given in Table I, 
and in this case the amount of Acid I present in the Acid I fractions (W") 
was found to be 20.2 mg. The results of this procedure for the four samples 
of urine which contained sufficient radioactivity are shown in Table II; 
these four samples of urine were collected for the periods of 0 to 72 hours 


TaBLeE II 
Quantitative Data on Occurrence of Acid I in Urine of Surgically Jaundiced Rats 


Specific activity of Acid I C in Acid I zone 
Rat Time Acid I 
Isolated Diluted* Total Calculatedt (Percent 
(1) (2) (3) (4) (S) (6) (7) (8) 
hrs. d.p.m. per mg. \d.p.m. per mg. meg d.p.m. d.p.m 
DL; | 0-72 (1.92 X 10® |1.61 X 10° | 20.2 |4.58 x 108 |3.88 x 10° | 84.7 
72-144 4.39 103 40.8t 105 |1.79 105t 
144-216 1.19 10° 19.3f [2.62 x 10 |2.30 x 10*t 
DL. | 0-72 |1.54 X 105 |1.23 X 10°} 19.1 [3.46 [2.94 x 10° | 85.0 
72-144 3.23 X |7.02 X 10? | 27.9 [1.02 X 10¢ {9.01 x 10® | 88.3 
144-216 10° 13.1¢ (7.00 X 10* 16.15 10*f 
0-72 8.88 10* (2.25 K 10% | 54.3 (5.19 XK 10® K 10% | 92.9 
72-144 6.98 10? 94.8] |7.54 X (6.63 10*f 
144-216 2.57 10? (1.67 {1.47 10*f 


* In the four instances, an aliquot (one-fiftieth) of the Acid I zone was added to 
a definite amount of non-radioactive Acid I. In the case of Rat DLs, it was added 
to 47.597 mg.; for Rat DLs (0 to 72 hours), it was added to 47.395 mg.; for Rat DL 
(72 to 144 hours), it was added to 25.144 mg.; for Rat DLz, it was added to 41.749 mg. 
of Acid I. 

t The calculated C* in Acid I zone, Column 7, is the amount present in Acid I. 

t These values were calculated on the assumption that 87.7 per cent (the average 
of four values given in Column 8) of the C™ in the Acid I fractions was present in 
Acid I (see the text). 


from Rat DLs, 0 to 72 hours and 72 to 144 hours from Rat DLg, and 0 to 
72 hours from Rat DL. 

The radioactivity in the extracts from these four specimens of urine 
present in Acid I (Table II, Column 7) was calculated by multiplying the 
specific activity (Column 3) by the calculated amount of Acid I (Column 
5). This value was consistently less than the total amount of C™ present 
in the Acid I zone, indicating the presence of radioactive material other 
than Acid I. Evidence for the presence of such material can also be seen 
in Figs. 1 and 2, where both solids and radioactivity are shown to have been 
eluted in fractions immediately adjacent to the earliest possible elution of 
Acid I. The radiopurity of the Acid I in the Acid I fractions, 7.e. the per- 
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centage of the total activity in these fractions which was present in Acid I, 
is given in Table II. Since these values were relatively constant, an av- 
erage value of 87.7 per cent was used to estimate the amount of C™ present 
in Acid I in the Acid I fractions obtained from the other five samples of 


Taste III 


Percentage Conversion of Chenodeorycholic Acid-24-C™ to 
Acid I in Surgically Jaundiced Rats 


Rat | Time C™ in Acid I* Total C 


Conversion of 

chromatographed | CDAt to Acid I 
hrs. | d.p.m. d.p.m. | per cent 
6.76 X 10° 57.4 
| 72-144 1.79 105 3.15105 56.9 
144-216 | 2.30 10° 6.48xX10° | 35.5 
DLs 0-72 2.94 & 10° 5.41 108 54.4 
72-144 | 9.01 X 105 1.36 X 10° 66.2 
144-216 | 6.15 108 1.56 X 105 39.4 
DL: 0-72 | 4.82 x 10° 6.37 X 108 75.6 
72-144 6.63 & «+104 105 60.3 
144-216 | 1.47 X 104 3.21 Xx 45.7 


* These data are from Table II, Column 7. 

+ CDA is used as an abbreviation for chenodeoxycholic acid. The per cent of 
conversion is based only on the amount of C™ which was subjected to chromatog. 
raphy. Prior to this, a loss of 18 per cent of the administered C™ had occurred. 


TaBLe IV 


Comparison of Excretion of Acid I and Cholic Acid in Bile of Rats with Bile Fistulas 
and in Urine of Rats with Ligated Bile Ducts 


The values are in mg. per day. 


Urine 
| Bile* 
| 72-144 hrs. 144-216 hrs. 
ee 44 10 | 4 | 3 


* The data for the bile are taken from Paper I (4). 


urine. The amount of Acid I present in these fractions could then be cal- 
culated by using the formula 


d.p.m. 
W = SA xX 0.877 


where W is the weight in mg. of Acid I present, SA is the specific activity 
of the isolated Acid I (Table II, Column 3), and d.p.m. refers to the total 
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amount of radioactivity in the Acid I zone (Column 6). The results of 
these calculations are also given in Table II. 

Table III shows the percentages of the total chromatographed radio- 
activity which was recovered in Acid I. Since an average of 18 per cent 
of the C remained in the aqueous phase after hydrolysis and extraction of 
the urinary bile acids and therefore was not subjected to chromatographic 
analysis, these values can be taken only as approximations of the extent of 
conversion of the administered chenodeoxycholic acid-24-C™ to Acid I. 

The average results of the determinations of Acid I and the colorimetric 
assays of cholic acid in the samples of urine collected for these studies are 
given in Table IV, in which they are compared with the excretion of these 
two acids in rats with cannulated bile ducts. In bile, cholic acid is the 
principal bile acid (8), but, in the urine of these jaundiced animals, the ex- 
cretion of cholic acid is very low and Acid I is the principal bile acid. 


DISCUSSION 


The isolation of Acid I as a metabolite of chenodeoxycholic acid from 
the urine of surgically jaundiced rats and the observation that this acid 
and cholic acid comprise the principal bile acids in the urine of rats under 
these conditions are consistent with the results obtained during prelimi- 
nary studies on this problem. It was observed earlier (3) that the amount 
of cholic acid isolated from rat urine under conditions of bile duct ligation 
was small compared with that observed in the bile of animals with cannu- 
lated bile ducts. It was further observed that, in surgically jaundiced 
rats, most of an administered sample of chenodeoxycholic acid-24-C™ was 
converted to an acid chromatographically similar to Acid I. The results 
presented here add confirmatory and quantitative data to these earlier 
observations. 

The capacity of the rat to produce Acid I can best be seen by a com- 
parison of its synthetic ability under conditions of bile duct ligation with 
those of bile duct cannulation. The data shown in Table IV indicate a 
progressively decreasing formation of cholic acid and an increased forma- 
tion of Acid I. The formation of these acids probably occurs in the liver, 
although, on ligation of the bile duct, bile acid levels in the blood are known 
to be elevated and metabolism under these conditions by other organs is 
possible. 

We have assumed in this discussion that the changes in bile acid excre- 
tion in the jaundiced animal are related to their formation. Their ex- 
cretion is also related to the bile acid concentration in the blood and to 
kidney clearance. Although the data in Table IV clearly indicate that 
there is an increase in the formation of Acid I, the actual decrease in cholic 
acid formation may be even more rapid than indicated, due to the pool of 
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cholic acid in the blood and intestine and to the threshold of excretion of 
cholic acid by the kidney. 


SUMMARY 


Acid I was isolated from the urine of surgically jaundiced rats and was 
identified as a metabolite of chenodeoxycholic acid-24-C™ under these con- 
ditions. Acid I and cholic acid were found to represent the two principal 
bile acids in the urine from these animals. Quantitative data show that 
increased excretion of Acid I and decreased excretion of cholic acid result 
in the rat after ligation of the bile duct. 
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IV. THE METABOLISM OF HYODEOXYCHOLIC ACID-24-C™* 
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E. A. DOISY, Jr., WILLIAM H. ELLIOTT, ann EDWARD A. DOISY 


(From the Departments of Biochemistry and Internal Medicine, St. Louis 
University School of Medicine, St. Louis, Missouri) 


(Received for publication, October 2, 1956) 


Of all the bile acids readily available from mammalian sources, hyode- 
oxycholic (3a,6a-dihydroxycholanic) acid is unique in both occurrence 
and structure. Although it can be readily obtained from hog bile, it has 
not been detected in the bile of other species. By virtue of its hydroxyl 
group at carbon 6, this acid has been of value in studies of structure and 
configuration, since production of a carbony] at this position permits epi- 
merization at carbon 5. 

This paper is concerned with a study of the metabolism of hyodeoxy- 
cholic acid-24-C"™ in normal rats and in rats with ligated or cannulated bile 
ducts. The excretory pathways of the radioactivity were determined in 
these animals after intragastric administration, and the bile and urine were 
fractionated to determine the nature of the radioactive metabolites. The 
isolation of hyocholic acid from hog bile is also reported. 


EXPERIMENTAL 


Preparation of Hyodeoxycholic Acid-24-C'*—In order to extend our studies 
of the metabolism of the bile acids to hyodeoxycholic acid, it was necessary 
to apply the procedure of Bergstrém et al. for the labeling of other bile 
acids in the carboxy! carbon (1). Bromine degradation of the silver salt 
of 3a ,6a-diacetoxycholanic acid gave 64 per cent of the norbromide, melt- 
ing at 156-157°.! 

C+H,O,Br. Calculated. C 63.39, H 8.47, Br 15.62 
Found. ** 62.94, ** 8.43, “* 15.50 


* A preliminary report of the studies contained in this paper was presented at the 
meeting of the Federation of American Societies for Experimental Biology at San 
Francisco, April, 1955. 

t The material presented herein is taken, in part, from theses submitted to the 
Graduate School of St. Louis University by John T. Matschiner and Theodore A. 
Mahowald in partial fulfilment of the requirements for the degree of Doctor of Phi- 
losophy in Biochemistry. 

' Since the beginning of this work, Bergstrém and Paabo have reported the prep- 
aration of methyl hyodeoxycholate-24-C™ (2). Their reported melting point for the 
intermediate 23-bromo-3a,6a-diacetoxynorcholane is 141-142°. 
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A 3-fold molar excess of the bromide (511.5 mg.) was refluxed for 64 
hours in 50 ml. of absolute ethanol and 5 ml. of water with 11.8 mg. of 
potassium hydroxide and 21.5 mg. (0.33 mmole) of potassium cyanide? con- 
taining 1.0 me. of C*. The nitrile was hydrolyzed directly by refluxing 
the reaction mixture for 72 hours after the addition of 2.3 gm. of potassium 
hydroxide in 2.5 ml. of water. The yield of hyodeoxycholic acid-24-C" 
was 41 per cent. The labeled acid was characterized by its melting point 
(199-201°), which showed no depression on admixture with authentic hyo- 
deoxycholic acid,’ and by comparison of its ultraviolet absorption spectrum 
in sulfuric acid (3) with that of authentic material. Radioassay of the 
hyodeoxycholic acid-24-C™, which was carried out as previously described 
(4), gave a specific activity of 6.8 wc. per mg. 

Excretion of Radioactivity in Bile, Urine, Feces, and Expired Air—Dis- 
tribution studies were carried out on normal animals and on animals with 
cannulated or ligated bile ducts as previously described (4). Each animal 
received, by stomach tube, approximately 1 mg. of the labeled acid as the 
sodium salt in 1 ml. of water. 

The daily excretion of C from these animals is shown in Fig. 1. In 
normal animals, essentially all of the radioactivity was excreted in the 
feces with an average of only 0.2 per cent in the urine over a 10 day period 
and none in the expired air. With the exception of the group of rats with 
fistulas, the rate of excretion of radioactivity was similar to that observed 
for deoxy- and chenodeoxycholic acid. Excretion in the bile extended 
over a period of 5 days in contrast to 2 days with the other two acids. In 
the animals with ligated ducts, the urine became the principal excretory 
route with an average of 6.0 per cent in the feces over a 9 day period. 

Methods for the fractionation of pooled bile from individual animals 
were the same as have been previously described (4). Use of the aqueous 
methanol and octanol-chloroform reversed phase partition column of Berg- 
strém and Norman (5) for conjugated acids permitted elution of nearly 
all the biliary C™ in the taurine-conjugated fractions with only 1.0 per cent 
appearing during subsequent elution. After alkaline hydrolysis of the 
conjugated bile acids, the ether-soluble acidic fraction was chromatographed 
on the aqueous acetic acid and Skellysolve-benzene partition column pre- 
viously described (4). The results of this experiment with the bile from 
one animal are shown in Fig. 2. The principal zone of elution of C™, from 
Fractions 40-3 to 60-1, was identical with that of hyodeoxycholic acid and 


? The C™ was obtained on allocation from the Atomic Energy Commission and 
was purchased from the Nuclear Instrument and Chemical Corporation, Chicago, 
Illinois. 

3 We are indebted to Dr. Claire E. Graham of The Wilson Laboratories, Chicago, 
Illinois, for a generous supply of hyodeoxycholic acid and a sample of mixed free 
acids of hog/bile. 
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contained 93 per cent of the chromatographed radioactivity. The identity 
of this material was further substantiated by isotopic dilution experiments 


NC (3) BF (3) DL (2) 


b 


% OF ADMINISTERED C'4 
oO 


DAYS 
Fic. 1. Average daily excretion of C' by the principal excretory route. All 
animals received approximately 1 mg. of hyodeoxycholic acid-24-C" intragastrically. 
The heights of the bars indicate the percentages of the administered dose. NC, 
represents normal animals; BF, animals with bile fistulas; DL, animals with ligated 
bile ducts. The number of animals used is given in parentheses. 
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Fic. 2. Chromatographic analysis of the free bile acids obtained from the bile of 
an animal given hyodeoxycholic acid-24-C™. The heights of the bars indicate the 
percentages of chromatographed C. Throughout this paper, the volume of eluate 
(MI1.) is given in ml. and the composition of the eluate (%C.H;) is given as the per 
cent of benzene in Skellysolve B. 


with unlabeled authentic hyodeoxycholic acid. The diluted sample was 
crystallized to constant specific activity from aqueous methanol and finally 
chromatographed on the acetic acid partition column mentioned above. 
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Elution of the radioactivity was parallel with that of the hyodeoxycholic 
acid. 

Fractions 80-1 and 80-2, shown in Fig. 2, contained 5 per cent of the 
chromatographed radioactivity and nearly all of the cholic acid (6). How- 
ever, the elution of C™“ and of cholic acid was not coincident, and upon 
recrystallization the cholic acid obtained from these fractions rapidly lost 
radioactivity. 2 per cent of the chromatographed radioactivity was eluted 
with benzene, and 1 per cent of the C“, which was retained by the column, 
was recovered by washing the column with acetic acid. 


40- 
< 30- 
20- 
= 

ML. O 100 200 300 400 500 600 

% 0 20+ 40 + 60 80+ 100° 


ELUATE 


Fic. 3. Chromatographic analysis of 115 mg. of free bile acids obtained from 
hog bile. The heights of the bars indicate mg. of eluted solids. The diagonally 
lined area in Fraction 80-2 represents a small amount of cholic acid as detected by 
colorimetric assay (6). 


Isolation of Hyocholic Acid from Hog Bile and Determination of Its Rela- 
tionship to Metabolite of Hyodeoxycholic Acid-24-C" in Rat—The possibility 
that the metabolite of hyodeoxycholic acid eluted in the trihydroxy acid 
zone might occur elsewhere in nature was strengthened by a report by 
Haslewood, who found a new trihydroxy acid in hog bile (7). We there- 
fore undertook an analysis of the free acids of hog bile. Fig. 3 shows the 
result of chromatography of 115 mg. of the free acids. The material eluted 
in each of the three principal elution zones was crystallized and, on the 
basis of melting points, mixed melting points, and chromatographic be- 
havior, the crystalline acids obtained from the first two principal elution 
zones could be tentatively identified as chenodeoxycholic acid and hyo- 
deoxycholic acid, respectively. The small diagonally lined area in the 
third elution zone corresponds to a small amount of cholic acid as detected 
by the furfural-sulfuric acid colorimetric assay (6). Crystallization of the 
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material in the adjacent fraction yielded an acid melting at 185-186° which 
did not give a positive test for cholic acid. The identity of this acid as 
hyocholic acid was assured by comparison of its melting point and infrared 
spectrum with those of a sample of authentic hyocholic acid kindly supplied 
by Professor Haslewood.‘ 

After a tracer amount of the chromatographically similar metabolite 
of hyodeoxycholic acid (Fig. 2, Fractions 80-1 and 80-2) was diluted with 
hyocholic acid, four subsequent crystallizations, twice from acetone and 
petroleum ether and twice from ether and petroleum ether, removed only 
25 per cent of the radioactivity from the crystals, and no significant change 
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Fic. 4. Separation of hyocholic acid from the chromatographically similar me- 
tabolite of hyodeoxycholic acid-24-C™ found in rat bile. The heights of the open 
bars from the base line to the top indicate eluted C™. The heights of the diagonally 
lined bars from the base line to the top indicate mg. of eluted solids. 


in the specific activity of the crystals was determined during the last two 
crystallizations. However, chromatography of the radioactive crystals 
on the acetic acid partition column separated C™ from hyocholic acid. 
Approximately 14 mg. of radioactive crystalline material were chromato- 
graphed (Fig. 4). Only 21 per cent of the C™ was eluted with 93 per cent 
of the hyocholic acid, while 79 per cent of the C™ was eluted in the two 
subsequent fractions. These data indicate that little, if any, of the ad- 
ministered hyodeoxycholic acid was converted to hyocholic acid in rats 
with cannulated bile ducts. 

Fractionation of Urinary Radioactivity—The fractionation of pooled urine 

‘In previous reports (8, 9), we have referred to this acid as hog acid. Since its 


identity as hyocholic acid is now assured (10-12), this acid will be referred to in this 
paper as hyocholic acid. 
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from individual animals with ligated ducts was effected by the methods 
previously described (4). Use of the aqueous methanol and octanol-chloro- 
form system reversed phase partition column of Bergstrém and Norman 
(5) for conjugated acids permitted elution of most of the urinary C™ in 
the taurine-conjugated fractions with 4.7 per cent appearing in later frac- 
tions. A final washing of the columns with chloroform removed 0.8 per 
cent of the radioactivity. Alkaline hydrolysis of the conjugated urinary 
bile acids from one animal and chromatography of the ether-soluble acidic 
fraction on the acetic acid partition column gave the results shown in Fig. 5. 
In contrast to the biliary radioactivity, less than 7 per cent of the chro- 
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ELUATE 
Fic. 5. Chromatographic analysis of the free bile acids obtained from the urine 
of a surgically jaundiced animal given hyodeoxycholic acid-24-C™. The heights of 
the bars indicate the percentages of chromatographed C". 


matographed C" was eluted in the hyodeoxycholic acid fractions. A small 
amount of radioactivity was eluted in the lithocholic acid fractions. How- 
ever, dilution of the C™ in these fractions with unlabeled authentic litho- 
cholic acid and subsequent crystallization from aqueous methanol showed 
that this material was not identical with lithocholic acid. The principal 
zone of elution of C4, from Fractions 60-3 to 80-2, contained 59 per cent of 
the chromatographed C™. It includes the elution zones of one of the 
metabolites of hyodeoxycholic acid in bile (Fig. 2) and also that of one of 
the metabolites of chenodeoxycholic acid, Acid I (13). A final washing 
of the columns with acetic acid removed 10 per cent of the radioactivity. 


DISCUSSION 


The distribution of the radioactivity after intragastric administration 
of hyodeoxycholic acid-24-C to normal rats and rats with ligated or can- 
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nulated bile ducts which is depicted in Fig. 1 is essentially the same as that 
observed with chenodeoxycholic acid-24-C™ and deoxycholic acid-24-C"™ 
(4), except for a delay in the appearance of the administered C™ in the bile 
of the animals with cannulated bile ducts. Since these animals received 
the labeled acid intragastrically immediately after surgery and since intra- 
duodenal administration after a postoperative recovery period has been 
shown to give more rapid elimination rates (4), this delayed recovery does 
not unequivocally indicate a slower absorption and excretion of hyodeoxy- 
cholic acid by the rat. However, the excretion appears to be significantly 
prolonged (5 days as compared to 2) and the peak excretions were only half 
as large (40 per cent as opposed to 80 per cent) for chenodeoxycholic and 
deoxycholic acids (4). 

The extensive metabolism of hyodeoxycholic acid in the jaundiced rat, 
as shown in Fig. 5, provides another example of the quantitative difference 
in bile acid metabolism under these conditions. Nearly complete metabo- 
lism of administered deoxycholic acid-24-C™ and chenodeoxycholic acid- 
24-C™ has also been observed in surgically jaundiced rats (4, 14). Further 
studies on the nature of the metabolites of hyodeoxycholic acid under 
conditions of bile duct ligation are in progress. 

The results of the dilution experiments with hyocholic acid, as described 
in Fig. 4 and in the text, indicate that, although the metabolites of hyo- 
deoxycholic acid in bile and hyocholic acid are not identical, they may be 
closely related compounds. A study of the chemistry of hyocholic acid 
is reported in Paper V (12). 


SUMMARY 


Hyodeoxycholic acid-24-C™ was prepared by application of the method 
of Bergstrém et al. (1) for the labeling of other bile acids. After intragas- 
tric administration to normal animals, the C™ was excreted in the feces 
over a 10 day period. No radioactivity was found in the expired air. In 
animals with cannulated bile ducts, the radioactivity was recovered in the 
bile while, in animals with ligated bile ducts, the urine became the principal 
excretory route. With the exception of the conjugation reaction, animals 
with cannulated bile ducts metabolized less than 10 per cent of the ad- 
ministered hyodeoxycholic acid-24-C™“, whereas nearly complete metabo- 
lism of the acid occurred in animals with ligated bile ducts. Hyocholic 
acid was obtained from hog bile and was found not to be identical with a 
chromatographically similar metabolite of hyodeoxycholie acid. 


BIBLIOGRAPHY 


1. Bergstrém, S., Rottenberg, M., and Voltz, J., Acta chem. Scand., 7, 481 (1953). 
2. Bergstrém, 8., and Paabo, K., Acta chem. Scand., 9, 699 (1955). 
3. Bernstein, S., and Lenhard, R. H.,./. Org. Chem., 18, 1146 (1953). 


810 BILE ACIDS. IV 


. Mahowald, T. A., Matschiner, J. T., Hsia, S. L., Richter, R., Doisy, E. A., Jr., 


Elliott, W. H., and Doisy, E. A., J. Biol. Chem., 225, 781 (1957). 


. Bergstrém, 8., and Norman, A., Proc. Soc. Exp. Biol. and Med., 83, 71 (1953). 

. Reinhold, J. G., and Wilson, D. W., J. Biol. Chem., 96, 637 (1932). 

. Haslewood, G. A. D., Biochem. J., 56, p. xxxviii (1954). 

. Matschiner, J. T., Hsia, S. L., and Doisy, EF. A., Jr., Federation Proc., 14, 252 


(1955). 


. Hsia, S. L., Matschiner, J. T., and Thayer, S. A., Federation Proc., 16, 277 (1956). 
. Haslewood, G. A. D., Biochem. J., 62, 637 (1956). 

. Ziegler, P., Canad. J. Chem., 34, 523 (1956). 

. Hsia, S. L., Matschiner, J. T., Mahowald, T. A., Elliott, W. H., Doisy, E. A., 


Jr., Thayer, S. A., and Doisy, E. A., J. Biol. Chem., 226, 811 (1957). 


. Matschiner, J. T., Mahowald, T. A., Elliott, W. H., Doisy, E. A., Jr., Hsia, 8. L., 


and Doisy, E. A., J. Biol. Chem., 226, 771 (1957). 


. Mahowald, T. A., Matschiner, J. T., Hsia, S. L., Doisy, E. A., Jr., Elliott, W. H., 


and Doisy, E. A., J. Biol. Chem., 225, 795 (1957). 


5 
6 
8 4 
9 
10 : 
11 
12 
| 
XUM 


BILE ACIDS 


V. CHEMICAL STUDIES ON NEW BILE ACIDS FROM 
THE RAT AND THE HOG* 


By 8S. L. HSIA, JOHN T. MATSCHINER,f THEODORE A. MAHOWALD,f 
WILLIAM H. ELLIOTT, E. A. DOISY, Jr., SIDNEY A. THAYER, 
AND EDWARD A. DOISY 


(From the Departments of Biochemistry and Internal Medicine, St. Louis 
University School of Medicine, St. Louis, Missouri) 


(Received for publication, October 2, 1956) 


During the course of a study of the metabolism of bile acids, two new 
acids, Acid I and Acid II, were isolated from normal rat bile (1) and were 
identified as metabolites of chenodeoxycholic acid-24-C™ (1-3). Another 
chromatographically similar acid isolated from hog bile was found to be 
similar to but not identical with either of these acids or with a metabolite 
of hyodeoxycholic acid-24-C" which was also obtained from the rat (4, 5). 
The acid isolated from hog bile, which we have called hog acid (4-6) and 
which we have previously obtained by partial synthesis from 3a,6a-dihy- 
droxy-7-ketocholanic acid, is identical! with the acid isolated by Hasle- 
wood (7). Hyocholic acid, the name proposed by Haslewood and also 
used by Ziegler (8), is more appropriate and is used in this paper. 

Haslewood (9) and Ziegler (8) have reported obtaining known 6,7-seco- 
cholanic acid-6 ,7-dioic acid derivatives by oxidation of hyocholic acid (8) 
or ethyl hyocholate (9). Both of these investigators obtained evidence 
of the formation of an acetonide of hyocholic acid, although no crystalline 
product was obtained. On the basis of the observed molecular rotation 
of hyocholic acid, Ziegler (8) concluded that hyocholic acid is 3a,6a,7a- 
trihydroxycholanic acid rather than the 3a,68,78 isomer. Haslewood 
concluded that the acid is 3a,6a,7-trihydroxycholanic acid and that the 
hydroxyl at carbon 7 is probably a-oriented. 


* A report of some of the principal studies contained in this paper was presented 
at the meeting of the Federation of American Societies for Experimental Biology 
at Atlantic City, April, 1956. 

t The material presented herein is taken, in part, from theses submitted to the 
Graduate School of St. Louis University by John T. Matschiner and Theodore A. 
Mahowald in partial fulfilment of the requirements for the degree of Doctor of Phi- 
losophy in Biochemistry. 

1 Professor G. A. D. Haslewood has very kindly sent us a sample of his hyocholic 
acid in order that we might compare it with our “‘hog acid.’”’ The identity of hyo- 
cholic acid and ‘‘hog acid’’ was assured by comparison of melting points and infrared 
spectra. 
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The evidence presented in this paper is based in part on a different ex- 
perimental approach; it demonstrates that Acid I and hyocholic acid are 
stereoisomeric 3a,6,7-trihydroxycholanic acids. The preparation and 
identification of 3a,6a-dihydroxy-7-ketocholanic acid, the key synthetic 
intermediate used in this study, had previously been accomplished by 
Takeda et al. (10, 11), but their publications did not come to our attention 
until after the completion of our work. 


EXPERIMENTAL? 
Isolation and Purification—Acid I was obtained from rat bile (1, 2) and 
from the urine of surgically jaundiced rats (12, 13), and hyocholic acid 


TaBLeE I 
Physical Properties and Elementary Analyses of Acid I and Hyocholic Acid 


2 
Compound Formula Infrared maxima* 


degrees 
Acid I 226 +61.5 + 2) CosHaoOs |70.55) 9.87 70.10 a 3509 (i.), 3425 
(s.), 1695 
(s.), 1658 
(s.), 1047 
Methyl] ester 75-76 C2sH420; 3436, 3289, 
of Acid I | 1739, 1160 
(b.), 1050 
Hyocholic 185-186 + 8 + 1) 70.55) 9.87|70.31| 9.87) 3597, 3460, 
acid 3311, 1704, 
1075, 1047 
(s.) 


* The following abbreviations are used: (i.) = inflection; (s.) = sharp; (b.) = 
broad. 


was obtained from hog bile (4, 5). These acids were isolated by means 
of aqueous acetic acid partition chromatography ;? Acid I was obtained 


2 All melting point determinations were taken on the Fisher-Johns apparatus and 
are reported as read. Specific rotations were taken in a 1 dm. tube unless specified 
otherwise. The ultraviolet absorption spectra were taken in redistilled 95 per cent 
ethanol with a Beckman model DK-2 recording spectrophotometer. Infrared spec- 
tra were determined in Nujol with a Perkin-Elmer spectrometer, model 21, with 
rock salt optics. 

3 For a complete explanation of the method of chromatography used in this study, 
see Matschiner et al. (1). We have abbreviated the fractions from this column ac- 
cording to the per cent of benzene in Skellysolve B. Each solvent mixture was col- 
lected in four portions. For example, 60-3 represents the third fraction of the eluate 
containing 60 per cent benzene in Skellysolve B. 
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from Fractions 60-3, 60-4, and 80-1 and hyocholic acid from Fractions 
80-1 and 80-2. Acid I was crystallized several times from aqueous meth- 
anol and from acetone. The analytical sample was dried in vacuo at 120° 
for 4 hours to remove the last trace of acetone. Hyocholic acid was crystal- 
lized repeatedly from aqueous methanol and a mixture of acetone and 
petroleum ether. Table I shows the physical properties and analytical 
data for these new bile acids. 


250- 


50- 


220 320 420 520 
Mu 
Fic. 1. Sulfuric acid absorption spectra of Acid I, hyocholic acid, and cholic acid, 
determined according to the procedure of Bernstein and Lenhard (14). Maxima for 
Acid I (---) occur at 309, 370, and 417 my; for hyocholic acid (--) at 310, 368, and 
418 my; for cholic acid (——) at 300, 391, and 480 mu. These spectra were determined 
with the Beckman DU spectrophotometer. 


Characterization—The chromatographic behavior of Acid I and hyo- 
cholic acid suggested that these substances are trihydroxycholanic acids. 
Support for this structure is found in their sulfuric acid absorption spectra 
(14), which are shown in Fig. 1 together with that of cholic acid. Both 
new acids exhibit three maxima above 250 my, which distinguish them 
from mono- and dihydroxycholanic acids which characteristically exhibit 
a single maximum in the same wave length region. Maxima in the vicinity 
of 3400 cm.— in the infrared spectrum also are indicative of the presence 
of hydroxyl groups. Neither acid gave a color with tetranitromethane 
nor reacted with 2 ,4-dinitrophenylhydrazine. The analyses are consistent 
with the presence of 5 atoms of oxygen. 

Oxidation by Periodic Acid—Acid I and hyocholic acid reacted quanti- 
tatively with periodic acid, indicating the presence of an a-glycol structure 
in each acid. The reagent was prepared by dissolving 1.24 gm. (5.5 
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HYOCHOLIC ACID 
OR 
ACID I 


COOH 
CrO3 R*“"COOH 
ig R= O= 
IV R = (NO2)2 CeH3NHN= 


OOH 


|. KOH 
2. CrO3 


AcO’ AcO” COOH 


ScHEME A 


mmoles) of HsIO, in 200 ml. of water and was stabilized by the addition 
of 270 mg. (2.75 mmoles) of sulfuric acid. It was standardized against 
0.010 N arsenite solution according to the procedure of Willard and Great- 
house (15). 4 ml. of the reagent were added to 20 ml. of a methanolic 
solution of 20 mg. of Acid I or of hyocholic acid. The mixtures were di- 
luted to 25 ml. with methanol, and 2 ml. aliquots were removed at intervals 
and titrated in the usual manner. The oxidation of Acid I was essentially 
complete in 1 hour. 2 hours were required to oxidize 90 per cent of hyo- 
cholic acid. Cholic acid was not oxidized under similar conditions. 

The product from periodic acid oxidation of hyocholic acid was isolated 
and crystallized from a mixture of acetone and petroleum ether to give a 
substance melting at 166—167°; umax = 3367 (OH), 1709 (CO.H) cm.—. 


C2aH3305. Calculated (as dialdehyde). C 70.92, H 9.42 
Found. ** 70.56, ‘‘ 9.32 


Neutral equivalent. Calculated, 406.5; found, 407 


Oxidation by Chromic Oxide; Hyocholic Acid—A sample of 200 mg. of 
hyocholic acid was oxidized overnight at room temperature with 145 
mg. of chromic oxide in acetic acid. After chromatography, 40 mg. 
of material that formed a gel with benzene were obtained from Frac- 
tions 80-1 and 80-2. This material was crystallized from a mixture of 
chloroform, ether, and petroleum ether to give a product that melted at 
138-143°, resolidified at 160°, and remelted at 210-213°; the infrared spec- 
trum showed the presence of carbonyl and carboxyl groups. Titration 
of the oxidized product showed that more than one carboxyl group was 
present per mole of this highly solvated material. Treatment of the crys- 
talline acid with 2,4-dinitrophenylhydrazine gave a yellow precipitate. 
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After crystallization from a mixture of ether and petroleum ether, this 
derivative (IV) melted at 219-220°; vnsx = 1709 (inflection), 1689, 1500, 
1347, 1208, 1138 


Calculated (as tricarboxylic acid). 
Neutral equivalent. Calculated, 205.6; found, 206 


There was an inflection point in the titration curve after two-thirds of 
the total alkali had been used, indicating that two of the three carboxyl 
groups are stronger than the third. 

Acid J—After a similar oxidation of 20 mg. of Acid I with 13.5 mg. of 
chromic oxide, 8 mg. of an acid were obtained, m.p. 138-142°; upon admix- 
ture with a sample obtained similarly from hyocholic acid, there was no 
depression of the melting point; the infrared spectrum showed the presence 
of carbonyl and carboxyl groups. The 2,4-dinitrophenylhydrazone of 
this product was prepared (IV) and found to have the same melting point 
(219-220°) as the derivative obtained from hyocholic acid, and there was 
no depression in melting point on admixture of the two derivatives. The 
infrared spectrum (¥msx = 1712 (inflection), 1692, 1500, 1346, 1207, 1138 
cm.~') was similar to that of the derivative obtained from hyocholic acid. 

From these observations, it follows that Acid I and hyocholic acid are 
stereoisomers, and that the product of oxidation with chromic oxide must 
be a bilianic acid. Since Acid I is a metabolite of chenodeoxycholic acid, 
it was suspected that the bilianic acid had been formed by rupture of 
ring B. Accordingly, the bilianic acid obtained by the cleavage of that 
ring was prepared by the procedure of Yamasaki and Chang (16). A sam- 
ple of 240 mg. of 3a-acetoxy-7-ketocholanic acid, m.p. 142° (vmax = 1730 
(3a-acetoxy), 1704 (CO.H), 1690 (inflection), 1256 (3a-acetoxy) 
was oxidized with a few drops of fuming nitric acid (d = 1.59). After 
chromatography and crystallization from ether, 198 mg. of 3a-acetoxy- 
6 ,7-secocholanic acid-6 ,7-dioic acid (II) were obtained; m.p. 255°; umax = 
1740 (3a-acetoxy), 1710 (CO2H), 1695 (inflection), 1270, 1234 (broad) (3a- 
acetoxy), 1160, 1148, 1025 cm.—'. A sample of (II) was hydrolyzed with 
3 per cent KOH in methanol at room temperature for 19 hours. The 
mixture was diluted with water, acidified with acetic acid, and extracted 
with ether. 70 mg. of an oily residue obtained by evaporation of the 
ether were oxidized with 28 mg. of chromic oxide in acetic acid. The 
product was isolated and treated immediately with 2,4-dinitrophenyl- 
hydrazine; 80 mg. of a yellow precipitate were obtained. After crystal- 
lization from aqueous ethanol and from a mixture of ether and petroleum 
ether, the crystalline product melted at 219-220° (IV). Upon admixture 
with the derivatives obtained from Acid I and hyocholic acid, the melting 
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points were not depressed and the infrared spectra of the three samples 
were similar. 
CsoHgoN.Oio. Calculated. C 58.43, H 6.54, N 9.09 
Found. ** 58.51, ** 6.59, 9.4 
Preparation of Acid I and Hyocholic Acid. Methyl 3a-Acetoxy-?-keto- 
cholanate (V)—7-Ketolithocholic acid was prepared in 57 per cent yield 
by the partial oxidation of chenodeoxycholic acid in acetie acid at ice bath 


COOCH; 


AcO 2 

\ 


Scueme B 


temperature with the calculated amount of chromic oxide (17). The final 
product melted at 201-203°; [a]?? —24.2° + 2° (c, 1.7; methanol); vmax = 
3247 (OH), 1701 (CO.H), 1062 (3a-OH) cm.-'. Iwasaki (18) reported 
m.p. 203° and [a]?? —27.35°. The methy! ester was prepared in the usual 
manner with methanolic hydrogen chloride; it melted at 66-68°; vasx = 
3546, 3436, 3356 (OH), 1745 (methyl ester), 1727 (broad) (7-keto), 1259, 
1172 (methy! ester), 1099, 1066 cm.-'. After acetylation with acetic an- 
hydride and pyridine, methyl 3a-acetoxy-7-ketocholanate was obtained; 
m.p. 143-144°; [a]? —20° + 2° (c, 1.0; CHCl;); log « = 1.62 at 288 
Mu; Umax = 1736 (3a-acetoxy), 1706 (7-keto), 1255 (broad) (3a-acetoxy), 
1168 (CH;0.C-), 1047, 1035, 1024, 1011 em.~. 
CxH,.0;. Calculated. C 72.61, H 9.48 
Found. ** 72.55, ** 9.29 - 


— 
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Bromination of Methyl 3a-Acetoxy-7-ketocholanate (V). Methyl 3a-Acet- 
oxy-6a-bromo-7-ketocholanates (VI)—The bromination of (V) was con- 
ducted by a procedure similar to that described by Takeda ef al. (10). 
356 mg. (2.24 mmoles) of bromine in 3.3 ml. of acetic acid and 0.3 ml. of 
30 per cent HBr in acetic acid were added to a solution of 1 gm. (2.24 
mmoles) of methyl 3a-acetoxy-7-ketocholanate (V) in 10 ml. of acetic acid. 
The color faded in about 5 minutes. The solution was allowed to stand 
at room temperature for 45 minutes and was then diluted with water; 
the crystalline product was filtered and crystallized three times from aque- 
ous acetone. An 85 per cent yield (1 gm.) of platelets of (VI) was ob- 
tained; m.p. 172-174°; [a]>’ —34° + 1° (c, 0.502; 95 per cent ethanol, 
2 dm. tube); log « = 1.61 at 279 my; max = 1738 (inflection), 1730 (very 
sharp), 1244 (3a-acetoxy), 1160 (CH;0,C-), 1037, 1026, 974 em.-'. 


C+Hy,O;sBr. Calculated. C 61.70, H 7.86, Br 15.21 
Found. ** 61.39, 7.86, 15.20 


3a ,Ga-Dihydroxy-7-kelocholanic Acid’—727 mg. of (VI) were hydrolyzed 
by 5 gm. of KOH in 125 ml. of methanol and 125 ml. of water at room 
temperature overnight. The solution was diluted with water and ex- 
tracted with ether to remove traces of neutral material. The aqueous 
layer was acidified with dilute HCl and extracted with ether. After evap- 
oration of the ether and chromatography of the residue on the acetic acid 
partition column, 453 mg. (80 per cent) of 3a ,6a-dihydroxy-7-ketocholanic 
acid were obtained in Fractions 60-1, 60-2, and 60-3. It was crystallized 


‘ A sample of the 68-bromide was obtained with physical properties comparable to 
those of the product of Takeda et al. (10). However, in the preparation of the 68- 
bromide, a product melting at 118-120° was obtained if the reaction was stopped 
immediately after the bromine color disappeared. This product was apparently a 
mixture of epimers, since chromatography on silica gel yielded the pure 68 epimer 
described by Takeda. The 68 sample was epimerized to the 6a-bromide with HBr 
in acetic acid. Alkaline hydrolysis of the 68-bromide also afforded compound VIII. 
We are pleased to acknowledge the kindness of Dr. K. Takeda in sending us a sample 
of his 68-bromoketone, m.p. 168°. 

* The properties of our ketol (VIII) differ somewhat in optical rotation and ultra- 
violet absorption properties from those given by Takeda ef al. (11) for his 3a,6a- 
dihydroxy-7-ketocholanic acid as obtained from hydrolysis of either the 6a- or 68- 
bromide. Takeda’s values are m.p. 183-185°; la], —62.5° (c, 0.33297; methanol); 
Amax = 2.86, 3.04, 3.68, 3.88, 5.88 uw; log « = 1.77 at 279 mg. Although this ketol was 
the major product of the hydrolytic reaction under the conditions reported in this 
paper, chromatography of the reaction product always gave other crystalline frac- 
tions, two of which correspond in physical properties to the 6,7-diketone and the 
6-keto-7-hydroxyallo acid as described by Takeda et al. (11); the latter acid (m.p. 
230°) was the predominant product when either bromide was hydrolyzed at elevated 
temperatures even in mildly alkaline solution (2 per cent KHCO;). Infrared absorp- 
tion at 1055 em.~' indicates that our ketol (VIII) belongs to the normal series. 
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from a mixture of acetone and petroleum ether, m.p. 187-189°. The 
analytical sample melted at 188-191°; [a]?? —42° + 2° (c, 1.00; meth- 
anol); Umax = 3472, 3247 (OH), 1704 (CO.H), 1055 (broad) (3a-OH) em.~; 
and log « = 2.07 at 268 mu. 


CoHgs0;. Calculated. C 70.90, H 9.42 
Found. ** 70.72, ** 9.73 


A diacetate was prepared in poor yield with acetic anhydride and pyri- 
dine; after acetic acid partition chromatography and crystallization from 
a mixture of acetone and petroleum ether, it melted at 148-149°; v,,,. = 
1745 (inflection), 1709 (broad) (COOH), 1256 (broad) (3a-acetoxy), 1160, 
1029 (broad) em.~'. 


Calculated. C 68.54, H 8.63 
Found. ** 68.54, “* 8.39 


8a ,6a-Dihydroxy-7-ketocholanic Acid-7-ethylenethioketal (I1X)—The pro- 
cedure of Fieser (19) was followed. A suspension of 147 mg. of the ketol 
(VIII) in 5 ml. of ethanedithiol was treated with 2 ml. of boron fluoride- 
ethereate. The brown solution which was formed was allowed to stand 
at room temperature for 30 minutes. The mixture was then diluted with 
water and extracted with ether. The ether solution was extracted thor- 
oughly with dilute sodium carbonate solution; the alkaline solution was 
acidified and extracted with ether. After evaporation of the ether, 230 
mg. of oil remained which were crystallized from a mixture of ether and 
petroleum ether to yield 125 mg. of crystals melting at 235°. The analyt- 
ical sample was further crystallized from a mixture of ether and petroleum 
ether containing a small amount of methanol, m.p. 238-241°. 


CopHgeS20,. Calculated. C 64.69, H 8.77, 8S 13.28 
Found. ** 64.53, “* 8.40, “ 13.07 


Hydrogenolysis of 7-Ethylenethioketal—Hydrogenolysis was carried out 
according to the procedure of Hauptmann (20). The ethylenethioketal 
(116 mg.) was refluxed for 22 hours with 1.5 gm. of W-2 Raney nickel 
catalyst (21) in 12 ml. of ethanol and 10 ml. of water. The nickel was re- 
moved by filtration, washed repeatedly with 2 per cent sodium carbonate, 
and the washing was added to the filtrate. The filtrate was diluted with 
water and extracted with ether. The ether layer was extracted with 2 
per cent Na,CO; solution, which was combined with the main solution. 
After acidification of the alkaline solution, it was extracted with ether; 
75 mg. of oily residue left after evaporation of the ether were chromato- 
graphed. A total of 7 mg. of a-hyodeoxycholic acid® was recovered from 


* Although Takeda et al. (11) have not published the details of their procedure, 
they have reported the use of the same reactions to obtain hyodeoxycholic acid from 
3a,6a-dihydroxy-7-ketocholanic acid. 
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Fractions 40-1, 40-2, 40-3, and 40-4; 28 mg. were obtained from Frac- 
tion 60-1. No other crystalline products were obtained. Fraction 60-1 
was crystallized four times from aqueous methanol; 14 mg. of crystals 
were obtained; m.p. 198-201°. Admixture with authentic a-hyodeoxy- 
cholic acid (m.p. 198-201°) did not depress the melting point. [a]? +7° 
+ 2° (c, 0.8568; methanol); vasxs = 3425 (inflection), 3226, 1739 (very 
sharp), 1155 (sharp), 1033, 1007, 953, and 794 cm.—'. The following physi- 
cal constants are reported for a-hyodeoxycholic acid (3a,6a-dihydroxy- 
cholanic acid): m.p. 197°; [a], +8° (22, 23); the reported values for 
isomeric 3a,68-dihydroxycholanic acid are m.p. 205°; [a], +23° (23). 
Maxima in the infrared region for natural and synthetic 3a ,6a-dihydroxy- 
cholanic acid occur at 3425 (inflection), 3226, 1739 (very sharp), 1155 
(sharp), 1033, 1007, 953, and 794 cm.~—'; maxima for synthetic 3a,68-dihy- 
droxycholanic acid are found at 3356 to 3268 (broad), 1712, 1047, 1015, 989, 
and 888 (broad) cm.~' (this laboratory). | 

Oxidation of 3a ,6a-Dihydrory-7-ketocholanic Acid with Chromic Ozide—In 
order to ascertain whether the oxygen atoms in the ketol (VIII) occupy 
the same positions as in hyocholic acid and Acid I, 60 mg. of (VIII) were 
oxidized with 34 mg. of chromic oxide in acetic acid; 11 mg. of the keto- 
tricarboxylic acid (III) were obtained. The 2,4-dinitrophenylhydrazone 
(IV) was prepared and found to be identical with the same derivative of 
the bilianic acid obtained from Acid I and hyocholic acid (melting point, 
mixed melting point, and infrared spectrum). 

Reduction of 3a,6a-Dihydrozy-7-ketocholanic Acid (VIII) to Hyocholic 
Acid; with Sodium Borohydride—20 ml. of methanol containing 500 mg. 
of sodium borohydride were added to a solution of 105 mg. of (VIII) in 
3 ml. of methanol. The reaction mixture was maintained at ice bath 
temperature until the evolution of gas ceased. After standing for 1 hour 
at room temperature, the solution was diluted with water, acidified with 
dilute HCl, and extracted with ether. The oily residue left after evap- 
oration of the ether was chromatographed; 92 mg. of material obtained 
from Fractions 80-1 and 80-2 were repeatedly crystallized from a mixture 
of acetone and petroleum ether and from aqueous methanol. 75 mg. of 
hyocholic acid were obtained; m.p. 187-188°; no depression of melting 
point after admixture with authentic compound; faj?” +8° + 1° (e, 
0.4994; methanol, 2 dm. tube); the infrared spectrum was comparable to 
that of the naturally occurring hyocholic acid. 


CuHyOs. Calculated. C 70.55, H 9.87 
Found. ** 70.34, ** 9.61 


With Hydrogen and Platinum—32 mg. of PtO, were reduced in 9 ml. of 
methanol and 1 ml. of 5 per cent aqueous KOH. 35 mg. of (VIII) were 
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added; after half an hour, 1 mole of hydrogen had been taken up and the 
reaction was stopped. The product was purified by chromatography, 
yielding 34 mg. in Fractions 80-1 and 80-2. After crystallization from a 
mixture of acetone and petroleum ether, the product melted at 187-188°; 
[a]2”? +8° + 1° (c, 0.5022; methanol, 2 dm. tube); the infrared spectrum 
was comparable to that of authentic hyocholic acid. Hyocholic acid was 
also obtained by platinum-catalyzed hydrogenation of (VIII) dissolved in 
acetic acid or in methanol. The products were identified by their melting 
points, mixed melting points with authentic hyocholic acid, infrared spec- 
tra, and specific rotation. 

Reduction of 3a,6a-Dihydroxy-7-ketocholanic Acid to Acid IJ-——1 ml. of 
freshly distilled aluminum isopropoxide was added to 61 mg. of (VIII) 
(m.p. 189-192°) in 15 ml. of anhydrous isopropanol. The mixture was 
heated gently until the distillate ceased to give a positive test for acetone 
(45 minutes). The reaction mixture was cooled, added to dilute acetic 
acid, and the product was extracted with ether. After chromatography, 
41 mg. of Acid I were obtained from Fractions 60-4, 80-1, and 80-2. After 
several crystallizations from a mixture of acetone and petroleum ether, 
it melted at 226°; [a]? +62.8° + 2° (c, 1.08; methanol). The infrared 
spectrum was comparable to that of the authentic Acid I. 


CuHoO;. Calculated. C 70.55, H 9.87 
Found. ** 70.64, ** 9.95 


DISCUSSION 


The first direct evidence of the chemical constitution of Acid I and hyo- 
cholic acid was obtained by oxidation of these acids with periodic acid. 
The specificity of this reagent indicated the presence of adjacent oxygen 
atoms. The analytical values for the product obtained from hyocholic 
acid agreed with the calculated values for a dialdehyde; the neutral equiva- 
lent of this material indicated that the product was still a monocarboxylic 
acid and the infrared spectrum showed the presence of an unoxidized hy- 
droxyl group. From these observations, and since hyocholic acid failed 
to give a positive carbony!] test, it appeared that this new acid was glycolic 
rather than ketolic and contained a third hydroxy! at least 1 carbon re- 
moved from the glycol structure. 

Oxidation of either Acid I or hyocholic acid with chromic oxide yielded 
an acid which was difficult to obtain in the unsolvated state but which, 
upon titration, was found to have more than one carboxyl] group. When 
this product was treated with 2 ,4-dinitrophenylhydrazine, a suitable deriva- 
tive was obtained which had a sharp melting point, and upon titration 
demonstrated the presence of three carboxyl groups. Since the 2,4-dinitro- 
phenylhydrazones obtained from the oxidation product of both Acid I 


| 
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and hyocholic acid were the same, the fortunate choice of this derivative 
also enabled us clearly to relate the two new acids as stereoisomers. 

To ascertain the positions of the oxygen atoms in these acids, the struc- 
ture of the ketobilianic acid derived from them by oxidation was determined 
by partial synthesis. Oxidation of 3a-acetoxy-7-ketocholanic with fuming 
nitric acid yielded 3a-acetoxy-6 ,7-secocholanic acid-6,7-dioic acid (II), a 
known compound (16). Hydrolysis of this compound followed by oxida- 
tion of the 3a-hydroxyl group with chromic oxide gave the same ketobilianic 
acid as was obtained from either Acid I or hyocholic acid. This was con- 
firmed by preparation of the 2,4-dinitrophenylhydrazone derivative (IV). 

The synthesis of the new bile acids was undertaken then on the assump- 
tion that they were isomeric 3a,6,7-trihydroxycholanic acids. Cheno- 
deoxycholie acid was oxidized with chromic oxide in 57 per cent yield to 
7-ketolithocholic acid. This material was methylated and acetylated to 
give methyl 3a-acetoxy-7-ketocholanate (V). Bromination of this keto- 
steroid by a procedure similar to that of Takeda e¢ al. (10) produced two 
isomers, the 6a-bromide and the 68-bromide.*’ Hydrolysis of either bromide 
resulted in the same ketol® (VIII) which was reduced by catalytic hydro- 
genation and by aluminum isopropoxide to hyocholic acid and Acid I, 
respectively. 

The ketol (VIII) was also oxidized with chromic oxide to the bilianic 
acid (III) from which the hydrazone (IV) was prepared, confirming the 
positions of the oxygen atoms in this intermediate as well as in hyocholic 
acid and Acid I. Since compound VIII exhibits a maximum in the ultra- 
violet region at 268 my, a shift of 20 my from Anas = 288 my for 7-keto- 
lithocholie acid, it was assigned the equatorial configuration at position 6 
(6a) (24). This assignment was confirmed by the isolation of a-hyodeoxy- 
cholic acid (X) after desulfuration of the 7-ethylenethioketal (LX), since 
none of the reactions in this sequence should have affected the configura- 
tion at carbon 6 in the original ketol. 

As was stated previously, hyocholic acid was obtained by catalytic re- 
duction of 3a,6a-dihydroxy-7-ketolithocholic acid in neutral, alkaline, or 
acidic media; the same product was obtained by reduction of the ketol 
with NaBH, in alcohol. The statement of Barton (25) that hindered 
ketones are reduced catalytically in acidic or neutral media or with NaBH, 
to the axial hydroxy! group (in this case, 7a) supports the view that reduc- 
tion of compound VIII under these conditions results in the structure, 
3a, 6a ,7a-trihydroxycholanic acid, the configuration proposed for hyocholic 
acid by Haslewood (9) and Ziegler (8). This view is further supported by 
the observed catalytic reduction of 7-ketolithocholic acid to chenodeoxy- 
cholic acid (18), NaBH, reduction of 7-ketocholanic acid mainly to the 
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7a derivative (26), and NaBH, reduction of 7-ketolithocholic acid mainly 
to chenodeoxycholie acid.’ 

Reduction of compound VIII with aluminum isopropoxide gave Acid J 
as the only isolable trihydroxy acid. The course of this reaction may not 
be so simple to interpret. Barton (25) has stated that the Meerwein-Ponn- 
dorf reduction is only applicable to relatively unhindered ketones and 
then gives a high proportion of the axial hydroxyl groups. We have at- 
tempted the Meerwein-Ponndorf reduction with 7-ketolithocholic acid 
and its methyl ester under the conditions used to reduce (VIII) and re- 
covered the unchanged ketone in each experiment. Tukamoto (27) studied 
the reduction of 3,7-diketocholanic acid with aluminum isopropoxide, but 
isolated only about 2 per cent of 3a,78-dihydroxycholanic acid (ursodeoxy- 
cholic acid) and a smal] amount of impure 3a,7a-dihydroxy acid (cheno- 
deoxycholic acid). Apparently the presence of the equatorial hydroxy] 
group at carbon 6 has activated the 7-keto group of compound VIII so 
that reduction with aluminum isopropoxide occurred. Since the axial 
7a-hydroxyl group may be expected to have arisen from catalytic and 
NaBH, reduction, the product in this case (Acid I) may contain an equa- 
torial hydroxy] at carbon 7 (78). 

The structures for hyocholic acid and Acid I as suggested by the evi- 
dence in this paper are 3a,6a,7a- and 3a,6a,78-trihydroxycholanic acids, 
respectively. The acceptance of these structures, however, must await 
clarification of several conflicting observations. Since both Acid I and 
Acid II are 3,6,7-trihydroxycholanic acids* and since their metabolic pre- 
cursor in the rat, chenodeoxycholic acid, already contains a 7a-hydroxyl 
group, hyocholic acid could be a 7a-hydroxy acid only if biological inversion 
is presumed to have occurred in the formation of Acid I. The 78-hydroxy 
structure for Acid I would necessitate such an inversion. At present, a 
conclusion concerning the structure of Acid I is precluded because of the 
apparent incompatibility of the rate of periodate oxidation of Acid I (28) 
with that expected for a diequatorial derivative (6a,78), the interpretation 
of the course of the Meerwein-Ponndorf reduction, and some additional 
observations to be reported later. 


SUMMARY 


Acid I obtained from rat bile and hyocholic acid obtained from hog bile 
are shown to be epimeric 3a,6,7-trihydroxycholanic acids. The partial 
synthesis of Acid I and hyocholic acid was achieved by reduction of 3a,6a- 
dihydroxy-7-ketocholanic acid. 


7 Unpublished observation from these laboratories. 
§ A subsequent publication will present the evidence which indicates that Acid II 
has the structure 3a,68,7a-trihydroxycholanic acid. 
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THE INTERCONVERSION OF GLUTAMIC 
ACID AND PROLINE* 


I. THE FORMATION OF A'-PYRROLINE-5-CARBOXYLIC ACID 
FROM GLUTAMIC ACID IN ESCHERICHIA COLI 


By HAROLD J. STRECKER 


(From the New York State Psychiatric Institute and the Department of Biochemistry, 
College of Physicians and Surgeons, Columbia University, 
New York, New York) 


(Received for publication, September 27, 1956) 


Nutritional and other studies with isotopic carbon have provided strong 
evidence for the interconversion in vivo of glutamic acid and proline in 
both animal tissues and microorganisms (see (1, 2)). Recently the bio- 
synthetic path from glutamate to proline has been further analyzed (3). 
By using two proline-requiring mutants of Escherichia coli, it was shown 
that one (55-1) accumulated A'-pyrroline-5-carboxylic acid (PC), while 
the other (55-25) used this compound to satisfy its proline requirements. 
A third mutant (22-64) responded to glutamate, proline, or the inter- 
mediate. These results suggested the following series of reactions: 


(1) Glutamic acid = glutamic-y-semialdehyde 
(2) Glutamic-y-semialdehyde A'-pyrroline-5-carboxylic acid 
(3) A'-Pyrroline-5-carboxylic acid = proline 


Reaction 1, the reduction of a carboxyl to an aldehyde group, would by 
analogy with other carbonyl-carboxyl systems result in an appreciable 
positive free energy change. Known biological mechanisms for such re- 
actions involve the formation of a compound in which the ionization of the 
carboxyl group is blocked. Compounds of this type include phosphate 
anhydrides (4), thio esters (5), and lactones (6). Work in this and other 
laboratories has demonstrated, however, that the formation of thio ester 
or anhydride bonds involving the y-carboxyl group of glutamic acid results 
ina highly reactive compound which either will cyclize to form pyrrolidone- 
carboxylic acid or will attack unblocked amino groups on other molecules 
(7, 8). Formation of free y-glutamyl phosphate as an intermediate, in 
analogy to B-aspartyl phosphate (9), therefore seems unlikely. However, 
an enzyme-bound intermediate similar to that indicated for glutamine 


* This work was supported by a grant from the National Institute of Neurological 
Diseases and Blindness (Grant B-226) of the National Institutes of Health, Public 
Health Service, and by a contract between the Office of Naval Research and the 
New York State Psychiatrie Institute. 
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synthesis (10, 11), or a glutamate derivative in which the a-amino group 
is blocked as in the synthesis of ornithine (12), is an attractive possibility. 
In order to obtain information about the kind of intermediates involved, a 
study of the glutamic-proline system has been initiated with preparations 
of £. coli and mammalian liver (13). Some of the data obtained with 
cells of F. coli are presented. 


Materials and Methods 


Compounds Used—aA'-Pyrroline-5-carboxylic acid was synthesized as 
described by Vogel and Davis (3). o-Aminobenzaldehyde was prepared 
according to the method of Bamberger and Demuth (14) and stored over 
calcium chloride. All other compounds used were commercial products. 
All amino acids were of the L configuration. 

Preparation of Cells—The E. coli mutant! 55-1 was grown in 2 liter 
volumes of the following composition: KH2PQO,, 0.3 per cent; KzHPO,, 
0.7 per cent; (NH,4)2SO,, 0.1 per cent; MgSO,-7H2O, 0.0025 per cent; glu- 
cose, 0.5 per cent; casein digest, 0.2 per cent (N-Z-Case, Sheffield). After 
incubation for 36 to 48 hours at 37° with shaking, the cells were harvested 
by centrifugation, washed once with either 0.05 mM potassium phosphate or 
0.05 m tris(hydroxymethyl)aminomethane buffer, pH 7.6, suspended in 3 
volumes of the same buffer, and stored at 3°. The 2 liters of medium were 
inoculated with the cells harvested from a 1.5 per cent agar slant of the 
same composition and incubated for 16 to 24 hours at 37°. Aliquots of 
these cells were frequently checked for reversion to wild type by inoculating 
onto solid synthetic media lacking proline. 

Experimental Procedure—In the aerobic experiments an aliquot of the 
stored cell suspension was incubated with substrates and buffer in small 
open Erlenmeyer flasks at 37° with vigorous shaking for the time given in 
Tables I to IV. Anaerobic experiments were carried out in evacuated 
Thunberg tubes. The reaction was stopped and the product was deter- 
mined as described in the next section. 

Determination of A'-Pyrroline-5-carboxylic Acid—Vogel and Davis (3) 
reported that PC, like other pyrrolines (15, 16), reacts with o-aminobenz- 
aldehyde to form a yellow complex and they have used the reaction to 
demonstrate the formation of PC by FE. coli mutant 55-1. This observation 
has been used as a basis for a quantitative determination of the compound 
formed in incubation mixtures as follows: To 2 ml. of the incubation 
mixture were added 1 ml. of ethanol, followed by 1 ml. of a solution of 10 
per cent trichloroacetic acid, and 1 per cent o-aminobenzaldehyde in etha- 
nol. The reagent mixture was prepared immediately before use. After 


1 We wish to thank Dr. H. J. Vogel and Dr. B. D. Davis for the mutant cultures 
of E. coli. 
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standing for 30 minutes at room temperature, the solution was clarified by 
centrifugation. Under these conditions the optical density at 430 my was 
proportional to the concentration of PC (Fig. 1). 

The experimental values for PC are expressed in terms of optical density 
at 430 my as measured with the Coleman junior spectrophotometer with 
cuvettes of 10 mm. diameter and a 430 mu filter. With values in excess 
of 1.00 the measurements were made in the Beckman model DU spectro- 
photometer with an insert to provide a 3 mm. light path and then con- 
verted to the corresponding Coleman value. Since PC has not thus far 
been isolated in pure form, the concentrations shown in Fig. 1 are based 
on the weight of the chemical precursor y ,y-dicarbethoxy-y-acetamido- 
butyraldehyde, assuming quantitative conversion on hydrolysis. 


20° 
0.8+ 
0.4- 
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Fig. 1. Reaction of A'-pyrroline-5-carboxylic acid with o-aminobenzaldehyde. 
Conditions as described in the text. 


PC can also be measured by comparing its growth factor activity with 
that of proline for 2. coli mutant 55-25. With this assay filtrates contain- 
ing the biologically formed compound were more active than synthetic PC. 


Results 


In preliminary experiments it was found that F. colt mutant 55-1, grown 
on synthetic minimal medium (3) supplied with a limited amount of pro- 
line, accumulated PC in the medium within 24 to 48 hours after inoculation. 
In contrast, bacteria grown in an enriched medium did not accumulate any 
of the compound in this time. However, when harvested, washed, and 
suspended in a buffered solution containing glutamate, cells grown in an 
enriched medium were far more active in producing PC than those grown 
in a minimal medium. It should be noted that these harvested cells were 
not growing since proline was absent from the medium. Some data bear- 
ing on the mechanism responsible for these observations will be presented. 
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The experiments to be reported here were all carried out with cells grown 
on enriched media. 

Experiments with Resting Cells—Washed resting cells suspended in buf- 
fer solution and incubated at 37° accumulated small quantities of PC in the 
solution in the absence of added substrate. This endogenous yield, how- 
ever, was considerably increased when glutamate was added. No PC was 


TABLE 
Formation of A'-Pyrroline-6-carborylic Acid by E. coli Mutant 55-1 


| Optical density at 430 my 
Addition or omission 
Fresh cells 1 day-frozen cells 
Without 0.025 | 0.020 


Potassium glutamate 100 umoles, potassium phosphate, pH 7.6, 100 umoles, cells 
120 mg. (wet weight). Total volume = 2 ml. Incubated 1 hour. 


TaBLeE II 
Inhibition of A'-Pyrroline-5-carborylic Acid Formation 
Addition | Concentration 
M 

1 X 0.085 
Potassium cyanide... 1 x 10°° | 0.012 


Potassium glutamate 100 umoles, potassium phosphate, pH 7.6, 100 uwmoles, cells 
120 mg. (wet weight). Total volume = 2ml. Incubated 1 hour. 


accumulated in the absence of air either endogenously or with glutamate 
present. Freezing and thawing of the cells caused considerable loss of 
activity, but cells kept at 3—4° retained most of their activity for periods 
up to 5 days (Table 1). Considerable inhibition of PC accumulation was 
observed on the addition of arsenite, cyanide, and dinitrophenol (Table 
II). These compounds have been classically used as poisons of assimila- 
tory processes in cells in efforts to separate anabolic and catabolic pathways 
(cf. (17)). More recent work has implicated arsenite and cyanide as 
inhibitors of oxidation and electron transport and dinitrophenol as an un- 
coupler of oxidative phosphorylation. The inhibition by these poisons, 
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together with the absolute dependence on oxygen for the reduction of 
glutamic acid, suggested, firstly, that the energy obtained by oxidation 
was utilized for the reduction of glutamate to PC and, secondly, that oxi- 
dative products of glutamic acid metabolism might take part in the reac- 
tion. Experiments were therefore carried out to determine whether the 
metabolic products of glutamate oxidation or the adenosine polyphosphates 
could overcome the inhibitory effect of arsenite, cyanide, and dinitrophenol. 
a-Ketoglutarate, succinate, fumarate, malate, pyruvate, adenosine tri- 
phosphate (ATP), adenosine diphosphate (ADP), and adenosine-5’-phos- 
phate (AMP) were completely ineffective in the presence of any one of the 


Taste III 
Stimulation of A'-Pyrroline-6-carborylic Acid Formation 
Additions Optical density at 430 my 
+ pyruvate + ADP... | 1.60 
“ + * + AMP... 1.80 


Potassium phosphate, pH 7.6, 100 uwmoles, potassium glutamate 100 umoles, so- 
dium fluoride 20 wymoles, ADP 10 wmoles, AMP 10 wmoles. All other additions 50 
umoles (potassium salt). Cells 120 mg. (wet weight). Total volume = 2 ml. In- 
cubated 1 hour. 


inhibitors of Table II. On the other hand, in the absence of inhibitors, 
pyruvate, AMP, and ADP stimulated markedly. Of a number of other 
oxidizable substrates tested, glucose, lactate, and formate also increased 
the production of PC. Sodium fluoride did not inhibit the effect of glucose, 
indicating that the sugar was probably not acting through prior conver- 
sion to pyruvate. Of the adenosine polyphosphates AMP was more 
effective than ADP. ATP gave occasional slight stimulation but more 
often some inhibition. Some attempts to measure the optimal concentra- 
tions of glutamate, pyruvate, and AMP gave erratic results, but in general 
little or no increase in PC formation was obtained with concentrations 
higher than, for glutamate, 0.015 mM; pyruvate, 0.025 mu; AMP, 0.005 m. 
The results of these experiments (Table III) were thus obtained with 
concentrations relatively close to the optimum. With the complete sys- 
tem, activity was roughly proportional to cell concentration in the range 
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used for these experiments (Fig. 2). With higher concentrations of cells 
activity decreased. This phenomenon, however, has not been further 
investigated. Activity was obtained by uging either tris(hydroxymethy]l)- 
aminomethane or phosphate buffer. Glutamine was found to be as ef- 
fective as glutamate; less activity was obtained with acetyl glutamate and 
NH; plus a-ketoglutarate was inhibitory. 

A surprising observation made at this time was that the incubation of 
proline with cells that had been frozen and thawed resulted in the forma- 
tion of PC or some similar compound, the yield of the compound being 
increased when o-aminobenzaldehyde was present in the incubation mix- 


1.2 
1.O 
0.9 


T 


an) 0.6 
0.5 
0.4 - 
0.3 
0.2 
0.1 

CELL CONC'T. Mg/MI (WET WT.) 

Fig. 2. Synthesis of A'-pyrroline-5-carboxylic acid as a function of cell concen- 
tration. Potassium glutamate 30 uwmoles, potassium pyruvate 50 wymoles, AMP 10 
umoles, tris(hydroxymethyl)aminomethane buffer, pH 7.6, 100 umoles. Total vol- 
ume 2 ml. Incubated at 37° for 40 minutes. 


ture. In contrast, proline added to cells which had not been frozen did 
not yield any PC and, indeed, inhibited its formation from glutamate 
(Table IV). 

Cell-Free Preparations—Attempts were made to obtain active cell-free 
extracts which would be useful in investigating the mechanism of the forma- 
tion of PC. Extracts were prepared by grinding with various abrasives, 
subjecting to sonic oscillation for varying lengths of time, treating with 
acetone and other organic solvents, or drying. Each of these preparations 
was incubated in the presence of glutamate or glutamine with the follow- 
ing compounds singly and in various combinations: glucose, pyruvate, 
ATP, ADP, AMP, thiamine pyrophosphate, diphosphopyridine nucleotide 
(DPN), triphosphopyridine nucleotide (TPN), cysteine, glutathione, thio- 
glycolate, coenzyme A, ascorbic acid, riboflavin, folic acid, biotin, p-amino- 
benzoic acid, inositol, pyridoxine, flavin adenine dinucleotide, and boiled 
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extracts of yeast, liver, and bacteria. No activation was obtained, nor did 
any of these compounds, with the exception of those already discussed 
(i.e. pyruvate, glucose, AMP, ADP), have any effect on the whole cells. 
Cysteine and thioglycolate inhibited the color development with o-amino- 
benzaldehyde. Finally, it should be noted that pyruvate plus AMP did 
not substitute for the aerobic requirements of the system. Although, as 
discussed previously, the formation of y-glutamy] phosphate as a free inter- 
mediate seems unlikely, the data obtained thus far are in harmony with 
the hypothesis that glutamic acid is reduced by a mechanism somewhat 
similar to that found for aspartic acid (18, 19). From this point of view, 
pyruvate and the oxidizable substrates function as DPNH generators and 
ADP and AMP are probably involved in the formation of a compound in 
which the y-carboxy] group of glutamic acid is blocked. 


TABLE IV 
Effect of Proline on A'-Pyrroline-5-carborylic Acid Formation 
Optical density at 430 mu 
Additions 
Prefrozen cells Unfrozen cells 
0.058 0.250 
Glutamate + proline....................... | 0.318 0.151 


Potassium glutamate 100 uwmoles, proline 30 uwmoles, potassium phosphate, pH 
7.6, 100 umoles, cells 120 mg. (wet weight). Total volume = 2 ml. Incubated 1 
hour. 


If such a compound existed, it might react with hydroxylamine to form a 
hydroxamic acid. Although hydroxylamine in 0.01 mM concentration was 
strongly inhibitory to PC formation, incubation with hydroxylamine or 
the addition of hydroxylamine after incubation with whole cells and with 
extracts did not result in the formation of significant amounts of hydrox- 
amic acid as measured by the method of Lipmann and Tuttle (20). 

Proline Inhibition of PC Formation—Experiments carried out to deter- 
mine the rate of production of PC from glutamate revealed that practically 
no PC accumulated during the first 20 minutes of incubation. The addi- 
tion of glucose, pyruvate, lactate, or formate, together with AMP or ADP, 
did not appreciably shorten the lag period. Preincubation of the cells in 
buffer alone for 20 minutes or a longer time at 37°, followed by the addi- 
tion of either glutamate alone or glutamate with pyruvate and AMP, re- 
sulted in the immediate initiation of PC formation (Fig. 3). These results 
indicated either that an inhibitor was being removed or that something 
required for the reaction was being formed during the 20 minute period. 
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Because of the previous observation that proline inhibited PC formation 
(Table IV), the inhibitory role of this amino acid was further investigated. 
With concentrations of proline above 0.005 m in the complete incubation 
mixture practically no PC was formed in 1 hour. Lowering the proline 
concentration to 5 XK 10-4 m permitted PC accumulation to be detected 
after 30 to 40 minutes; 7.e., the lag period was extended for 10 to 20 addi- 
tional minutes. Preincubating the cells in buffer alone for 20 minutes, 
followed by the addition of glutamate, pyruvate, and AMP, together with 
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Fia. 3 Fic. 4 

Fic. 3. Curve A, rate of formation of A'-pyrroline-5-carboxylic acid. Curve B, 
same as Curve A after preincubation for 20 minutes. Components same as those in 
Fig. 2; cells 100 mg. (wet weight). Incubated at 37°. 

Fic. 4. Rate of formation of A'-pyrroline-5-carboxylic acid (Curve A) after 20 
minutes preincubation, (Curve B) after 20 minutes preincubation and 5 X 10°‘ m 
proline added, (Curve C) no preincubation and 5 X 10~* m proline added. Condi- 
tions same as those in Fig. 3. 


0430mp 


proline in a final concentration of 5 X 10~* M, resulted in a further lag of 
20 minutes before PC formation began (Fig. 4). 

The possibility that the 20 minute lag period might be due to formation 
of an endogenous metabolite was tested by adding heat-inactivated pre- 
incubated cells and extracts thereof to fresh cells, together with the incu- 
bation mixture. No effect on the lag period was discerned. 

The effects of proline suggest that the 20 minute lag period in the forma- 
tion of PC is caused by small amounts of proline present within the cells. 
This endogenous proline is presumably metabolized to some unknown prod- 
uct thus relieving the inhibition. The observation that cultures of F. 
coli mutant 55-1 growing on minimal media do not begin to accumulate PC 
until all of the proline present is metabolized is also in accord with the re- 
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sults obtained with washed resting cells. The lack of accumulation of 
PC by cultures growing in enriched media is then explainable as being due 
to the presence of excess proline and enough is presumably retained in the 
cells even after washing to cause a 20 minute lag period in PC formation. 


DISCUSSION 


The use of a blocked mutant to study the mechanism of biological 
reactions is especially attractive in that otherwise transitory intermediates 
can be made to accumulate. However, the accumulation by one mutant 
of a compound which can be used for growth by another mutant does not 
necessarily establish a precursor relationship (cf. (21)). Although glu- 
tamic-y-semialdehyde (A!-pyrroline-5-carboxylic acid) seems to be a chemi- 
cally feasible intermediate in the interconversion of glutamic acid and pro- 
line, and the evidence from all sources is consistent with this assumption, 
some disturbing features must be pointed out. Cells of EF. coli mutant 55-1 
which have been frozen, when incubated with proline, form a compound 
which reacts with o-aminobenzaldehyde, although cells which have not 
been frozen do not. However, unfrozen cells are apparently able to 
metabolize proline, since the inhibition by proline of PC formation is re- 
lieved by incubation. As yet there is no proof that the compound formed 
from proline by prefrozen cells is actually A'-pyrroline-5-carboxylic acid 
and nothing is known of the fate of proline incubated with unfrozen cells. 

The inhibition by small amounts of proline of the formation of its own 
precursor may be an example of a general mechanism for conservation of 
endogenous metabolites when external supplies are plentiful.2 There is 
ample evidence (cf. (22)) that growing cells will utilize exogenous amino 
acids in preference to internal synthesis. Indeed, it would seem almost 
necessary for a growing cell to have a number of brakes in order to prevent 
wasteful utilization of nutrients in synthesizing intermediates which are 
not utilized. 

In this connection, it is of interest that cells grown in minimal media con- 
taining proline were not as active in forming PC as cells grown in enriched 
media. However, this may not necessarily reflect any fundamental quan- 
titative difference in enzyme composition, but instead may indicate a dif- 
ferent set of metabolic brakes in operation. Thus, if the cells are harvested 
after the proline is gone, they are no longer growing but instead are using 
unchecked their endogenous sources of energy, carbon and nitrogen, for 
making PC. Under these conditions, it is not surprising that components 
necessary for the synthesizing system to operate are seriously depleted. 
On the other hand, if the cells are harvested before all the proline is gone, 
it is probable that enough free proline is present within the cells to inhibit 


? While this paper was in preparation two reports of similar phenomena appeared 
(23, 24). 


834 A'-PYRROLINE-5-CARBOXYLIC ACID 


strongly the formation of PC. It is also not known whether cells grown in 
minimal media have the same mechanism for metabolizing endogenous 
free proline as cells grown in enriched media. 


Thanks are due to Dr. B. D. Davis for valuable suggestions, to Dr. H. 
Waelsch for advice and encouragement, and to Mrs. Paula Mela for excel- 
lent technical assistance. 


SUMMARY 


The addition of pyruvate, lactate, glucose, or formate increased the 
formation of A'-pyrroline-5-carboxylic acid by washed resting cells of an 
Escherichia coli mutant in the presence of either L-glutamate or L-gluta- 
mine. Further stimulation was obtained on the addition of either adeno- 
sine-5-phosphate or adenosine diphosphate but not adenosine triphosphate. 
L-Proline was inhibitory to the reaction. Evidence was obtained to indi- 
cate that a lag in the production of A'-pyrroline-5-carboxylic acid was due 
to the presence of endogenous proline which was subsequently metabolized. 
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The polynucleotide phosphorylase of Azotobacter vinelandii catalyzes the 
synthesis of highly polymerized ribonucleic acid-like polynucleotides from 
nucleoside-5’-diphosphates according to Reaction 1 (1-3) 


(1) nX-R-P-P = (X-R-P), + nP 


where R stands for ribose, P-P for pyrophosphate, P for orthophosphate, 
n for number of molecules reacting, and X for one or more of the following 
bases: adenine, guanine, uracil, cytosine, or hypoxanthine. The reaction 
requires magnesium ions and is reversible. 

Because of its reversibility, Reaction 1 leads to the incorporation of 
labeled orthophosphate into the terminal phosphate group of nucleoside 
diphosphates. Under controlled conditions this incorporation or “ex- 
change” affords a sensitive method of assay of the enzyme. It should be 
noted that, in the reverse direction, the reaction brings about the phos- 
phorolysis of polynucleotides with formation of nucleoside diphosphates. 
With use of radioactive phosphate and polynucleotide as substrate, the 
formation of labeled nucleoside diphosphates provides another very sensi- 
tive, and possibly the most specific, method of detection and assay of 
polynucleotide phosphorylase. These methods have been utilized in a 
study of the distribution of the enzyme. As briefly reported (4) poly- 
nucleotide phosphorylase has been found in a variety of bacteria and, in 
small amounts, in enzyme fractions of spinach leaves. A more detailed 
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account of this work is the subject of the present paper. The partial 
purification of polynucleotide phosphorylase from Alcaligenes faecalis and 
the preparation of polynucleotides with this enzyme are also described. 

Enzyme Assays—The enzyme is assayed by determining the incorpora- 
tion of radioactive phosphate into the organic phosphate fraction in the 
presence of Mg** and either nucleoside diphosphate or polynucleotide 
as substrate. Following incubation, the phosphate incorporated is esti- 
mated from the radioactivity remaining in the protein-free filtrate after 
removal of the orthophosphate. The procedure has been previously de- 
scribed (3). Since, with crude extracts and enzyme fractions, a number of 
side reactions may lead to exchange of phosphate, aliquots of the reaction 
mixtures were routinely chromatographed on paper by the method de- 
scribed by Krebs and Hems (5) and the radioactive spots were located by 
examination in ultraviolet light followed by autoradiography. If poly- 
nucleotide phosphorylase is present, with ADP! or A polymer as substrate, 
radioactivity appears in both ADP and ATP. ATP is formed and be- 
comes labeled, because of the presence in bacterial extracts of adenylic 
kinase (myokinase) which catalyzes Reaction 2 (6). No label appears in 
AMP. With IDP or I polymer, IDP becomes labeled; with CDP, CDP 
becomes labeled. 


(2) 2ADP = ATP + AMP 


With purified preparations of polynucleotide phosphorylase no incor- 
poration or ‘‘exchange”’ of radioactive phosphate is promoted by ADP- 
free ATP or by AMP (3). Occurrence of ‘“‘exchange”’ in the presence of 
ATP is mainly due to the presence of ATPase, and subsequent liberation 
of ADP, in polynucleotide phosphorylase-containing extracts. Increased 
“exchange” in the presence of AMP, when it occurs, is probably due to 
phosphorolysis of polysaccharide by an AMP-stimulated polysaccharide 
phosphorylase. 

Bacterial Distribution of Enzyme—-Typical phosphate incorporation 
experiments with bacterial extracts are shown in Table I. It will be 
seen that the blank “exchange,’’ due in part to the presence of variable 
amounts of nucleoside polyphosphates in the extracts and in part to in- 
complete extraction of orthophosphate, is markedly increased by the 
addition of nucleoside-5’-diphosphates and, to a greater or lesser extent, 
by that of ATP while AMP is mostly inactive. The high activity of ATP 
with Escherichia coli extracts may be due to glycolytic side reactions. The 


1The following abbreviations are used: 5’-mono, 5’-di-, and 5’-triphosphates 
of adenosine, AMP, ADP, and ATP; corresponding compounds of inosine and cyti- 
dine, IMP, IDP, ITP, and CMP, CDP, CTP; adenylic polynucleotide, A polymer; 
inosinie polynucleotide, I polymer; tris(hydroxymethy])aminomethane, Tris; counts 
per minute, ¢.p.m. 


D. O. BRUMMOND, M. STAEHELIN, AND 8. OCHOA 837 


presence of polynucleotide phosphorylase was confirmed im all cases, in- 
cluding other microorganisms not shown in Table I, by chromatographic 
demonstration that the labeled phosphate is incorporated into the nu- 
cleoside-5'-diphosphates. Typical results with extracts of Micrococcus 
pyogenes var. aureus (Staphylococcus aureus) are shown in Fig. |. It may 
be seen that the bulk of the P® incorporated is found in the nucleoside 
diphosphates except in the sample with ADP as substrate in which, owing 
to the presence of adenylic kinase, both the ADP and ATP were labeled. 
It may further be seen that label is absent from AMP, formed by the 
adenylice kinase reaction, and from IMP present in small amount as a con- 


“Exchange” of P®*-Orthophosphate with Nucleotides in Bacterial Extracts 
Per ml. of reaction mixture, Tris buffer, pH 8.0, 100 wmoles; MgCl., 2 umoles; 
potassium phosphate, with P® as indicated, 2.5 wmoles; nucleotide, 2.5 wmoles; and 


bacterial extract with the amounts of protein indicated. Incubation, 15 minutes 
at 30°. 


P® “exchange™’ (c.p.m.) with 
cleotide ATP ADP AMP IDP CDP 


mg. p.m. per 


pmole 
S. aureus 0.38 290,000 2600 9,900 27,200 3000 40,000 23 , 000 
kluyvert 1.40 280,000 700 1,590 3,720 700 5,130 5,160 
M. phlei 0.47 240,000 3300 19,500 20,000 3500 26 ,000 21,000 
B. cereus 0.65 270,000 1200 3,810 13,860 1250 21,330 
E. voli (4157). 1.90 290,000 2180) 128,460 77,300 2630 69,75063,160 
M. lysodeikticus 2.40 350,000 770 31,810 98,900 7770 185,30091,250 


S. lactis R 0.66 640,000 4720 20,380 21,950 4440 50,480 24,900 


_ 


taminant of IDP. A radioactive spot above that of CDP, in the CDP 
sample, might correspond to CTP formed from the labeled CDP by side 
reactions, 

The phosphorolysis of biosynthetic polynucleotides (3), measured by the 
incorporation of P®-labeled orthophosphate, is shown in Table Il. The 
polynucleotides used were prepared with enzyme from Azotobacter. The 
autoradiograms, corresponding to the S. aureus experiment in Table II, 
are shown in Fig. 2. As previously explained labeled ATP and unlabeled 
AMP are formed from labeled ADP by the myokinase reaction. 

With use of the standard phosphate ‘exchange’? assay previously de- 
scribed (3) the specific activity of polynucleotide phosphorylase was deter- 
mined in extracts of a number of bacterial species. The results are sum- 
marized in Table II]. These data can only be considered as rough ap- 
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proximations. With the exception of Lactobacillus arabinosus and Clos- 
tridium acetobutylicum, the enzyme was found in all of the bacteria we ex- 
amined including gram-positive and gram-negative as well as aerobic 
and anaerobic organisms. Thus, polynucleotide phosphorylase is widely 
distributed in bacteria. It should be mentioned that no net synthesis of 
polynucleotides could be obtained with crude bacterial extracts, presumably 


Fic. 1. Incorporation of P**-orthophosphate in nucleoside diphosphates with S 
aureus extracts. Autoradiograms of paper chromatograms according to Krebs and 
Hems (5) from first experiment of Table I. Sketches of ultraviolet-absorbing spots, 
after incubation with ADP, IDP, or CDP, are shown to the left of the corresponding 


autoradiographic strips. The weakly absorbing unshaded spots probably correspond 
to IMP, CTP, and CMP. 


because of the presence of nucleases. Experience with Azotobacter in this 
laboratory has shown that removal of nucleases following substantial 
purification of polynucleotide phosphorylase is necessary before a net 
synthesis of undegraded polynucleotides can be obtained. Polynucleotide 
phosphorylase has also been partially purified from A. faecalis (see below) 
and, in other laboratories, from FE. coli (7) and Micrococcus lysodeikticus 
(8) extracts. Polynucleotides have been prepared with enzymes from all 
of these sources. 

Polynucleotide Phosphorylase of A. faecalis -As may be seen from Table 
III, A. faecalis is a good source of polynucleotide phosphorylase and at- 
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Phos phorolysis of Polynucleotides in Bacterial Extracts 


Conditions as in Table L but 5amoles of phosphate and, unless otherwise indicated, 
0.2 mg.of polymer. Incubation at 30°. 


source of extract 


S. aureus 


** 


C. kluyveri... 
M. phlei 
B.cereua....... 
E. voli (A157)... 
M. lysodeikticus 
S. lactis R 


*1 mg. of A polymer. 


1.2 mg. of I polymer. 


Protein 


mx. 


0.38 
0.38 
5.60 
4.70 
1.05 
1.00 
2.40 
0.066 


P®-Ortho- 
phosphate 


cpm. 
per umole 


100,000 
100 000 
100,000 
570,000 
120,000 
400 
2010 
170,000 
480.000 


Incu 
bation 


P® “exchange” (c.p.m.) with 


No 


polymer A polymer 


I polymer 


- 


2.000 35.300 
64.500 
116,300 
15,300 =121,500* 101, 
33.520 51.060 
23.440 248.440 
2.180 23,950. 
5.770 S4.000 
4,720 19,700 


Fig. 2. Phosphorolysis of A polymer in S. aureus extracts. 


Formation of labeled 


ADP (and ATP through adenylic kinase) shown by autoradiograms of Krebs and 


Hems (5) paper chromatograms from first experiment of Table IL. 


First strip, sketch 


of ultraviolet-absorbing spots after incubation with A polymer for 60 minutes. 


Autoradiographie strips from left to right correspond to incubation for 15, 30, and 60 
minutes, 


60) 
60) 
15 
PHOSPHOROLYSIS OF K POLYMER 
we 
XUM 


840 ENZYMATIC SYNTHESIS OF POLYNUCLEOTIDES 


tempts were made to obtain some purification of the enzyme from. this 
microorganism. The cells were grown aerobically as described under 
‘Materials and methods.”” It may be seen from Table IV that the specific 
activity of the enzyme in extracts prepared at increasing times of growth is 
highest at an early stage of proliferation and decreases steadily as the bac- 
terial population increases. Similar observations have recently been made 
with Azotobacter2 Accordingly, for purification of the enzyme, cells were 
harvested when the optical density at \ 540 my of a 1:5 dilution of the 


III 
Polynucleotide Phosphorylase in Bacteria 
Approximate relative specific activity of extracts (Azotobacter = 100) based on 
standard phosphate “‘exchange”’ assays (3), with ADP as substrate, under the con- 
ditions of Table I. 


Organism Relative activity 
A. vinelandii. . | | 100 


** lysodetkticus . 35 
E. coli (Crookes)... 25 
M. pyogenes var. aureus (Duncan). 70 
S. hemolyttcus._.. | 15 
Pneumococeus (type UTD) 7 
B. cereus..... 25 
C. kluyvert... 2 
diphtheriae 5 
A. faecalis 
H. facilis... 20) 


— _ 


bacterial suspension was about 0.17. The specific activity of the enzyme 
at this time in the standard phosphate “‘exchange’’ assay was about 0.8 
to 1.0. The purification is described below: 

Step 1. Extraction—-The cells were harvested in a laboratory model 
Sharples centrifuge at 0° and washed three times with 0.05 m phosphate 
buffer, pH 7.4. The washed cells were suspended in an equal volume of 
water and subjected to sonic oscillation for 15 minutes in a Raytheon, 9 
ke. oscillator. Insoluble material was removed by centrifugation at top 
speed in a Servall angle centrifuge (20,000 & g) at 3-4°. 

Step 2. First Ammonium Sulfate Fractionation-—The supernatant fluid 
(extract) was diluted with 0.01 mM potassium phosphate buffer, pH 7.0, to 


2? Ochoa, S., Mii, S., and Schneider, M. C., unpublished experiments. 
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contain 10 mg. of protein per ml. and fractionated with solid ammonium 
sulfate at 0°. The fraction between 0.4 and 0.5 saturation was collected by 
centrifugation at 3-4° in the Servall angle centrifuge (20,000 xX g), dis- 
solved in 0.01 m potassium phosphate buffer, and dialyzed with stirring in 
the cold for 2 hours against the same buffer. 

Step 3. First Adsorption and Elution from Calcium Phosphate Gel—The 
dialyzed solution of the ammonium sulfate fraction was diluted with 0.01 
mM potassium phosphate buffer, pH 7.4, to contain 9 to 10 mg. of protein 
per ml. and cooled to 0°. Cold 0.1 m acetate buffer, pH 4.2, was added 


IV 
Activity of Polynucleotide Phosphorylase of A. faecalis at Various Stages of Growth 

100 ml. of medium in 1.0 liter conical flasks were inoculated and incubated with 
shaking overnight at 37°. 100 ml. of bacterial suspension were used to inoculate 2.0 
liters of medium in 20 liter bottles. These were incubated at 37° with strong aera- 
tion. At the times indicated samples were taken for turbidity measurement and 250 
ml. samples were withdrawn and centrifuged at top speed in the Servall angle centri- 
fuge in the cold room. The sedimented bacteria were suspended in an equal volume 
of water and subjected to sonic oscillation for 15 minutes. The insoluble residue was 
removed by high speed centrifugation and the supernatant fluid (extract) was used 
for assay (standard phosphate ‘‘exchange’”’ assay (3)). 


Time of growth Optical density* phosphorylase activity | Ratio, 
hrs. unils per mg. protein 
2.5 0.080 
3.5 0.120 1.48 0.52 
4.5 0.155 1.27 0.52 
5.5 0.185 0.87 0.56 
16.0 0.225 | 0.37 0.60 


* 1:5 dilution of bacterial suspension; = 540 mu. 
t Ratio of light absorption at \ 280 my to that at A 260 mz. 


with stirring to make the pH of the enzyme solution 5.1. The solution was 
stirred with 15 ml. of calcium phosphate gel (dry weight, 20 mg. per ml.) 
per 100 ml. and the gel was centrifuged and discarded. The supernatant 
fluid was stirred with 60 ml. of calcium phosphate gel per 100 ml. and the 
gel was eluted with 0.1 m potassium phosphate buffer, pH 6.0. The eluate 
was dialyzed at 0° against 0.01 m potassium phosphate buffer, pH 7.4, for 
2 hours with stirring. 

Step 4. Second Ammonium Sulfate Fractionation—The dialyzed eluate, 
containing about 2.5 mg. of protein per ml., was fractionated with solid 
ammonium sulfate at 0° and the fraction between 0.45 and 0.55 saturation 
was collected, dissolved, and dialyzed as in Step 2. 

Step 5. Second Adsorption and Elution from Calcium Phosphate Gel— 
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This step was carried out exactly as described for Step 3 of the purifica- 
tion of the Azotobacter enzyme (3). 

A summary of the purification of the A. faecalis enzyme is given in Table 
V. 

Synthesis of Polynucleotides with Alcaligenes Phosphorylase-—The A and | 
polymers have been prepared by incubation of ADP or IDP with the 
partially purified A. faecalis enzyme in the presence of Mg++. The time- 
course of the liberation of orthophosphate is shown in Fig. 3. Within 30 
minutes from the start of incubation, the reaction mixtures (especially 
that containing ADP) became extremely viscous, even though the concen- 
tration of nucleoside diphosphate was only half that previously used in 
preparing polymers with the Azotobacter enzyme (cf. (3)). Because of the 


TABLE V 
Partial Purification of Polynucleotide Phosphorylase of A. faecalis 
About 50 gm. of washed cells. 


Step Volume | Units* | Protein 280 mo Specific Yield 
— activity 
260 my 

ml. meg. per cent 

66 1840 1900 0.54 1.0 100 
27 1015s «533 0.53 55 
4. 2nd (NH,)2SO,........... 18 
4 | 150 | 15 | 0.96 | 10.0 


* Standard phosphate “‘exchange’’ assay (3). 
+ Ratio of light absorption at \ 280 my to that at A 260 mz. 


lower concentration of nucleoside diphosphates, the reaction approached 
equilibrium when from 40 to 50 per cent of the easily hydrolyzable phos- 
phate had been liberated (Fig. 3). 

Owing to the high viscosity of the reaction mixtures, they were diluted 
with 2 volumes of water prior to precipitation with ethanol. The diluted 
mixtures were cooled to 0° and treated with 3 volumes of ice-cold ethanol. 
After standing overnight in the cold the gummy precipitates were collected 
by centrifugation, washed once with cold ethanol, and dried in vacuum 
over CaCl.. The precipitates (particularly that of the I polymer) were 
poorly soluble in water but gave a viscous, opalescent solution on addition 
of a few drops of 0.1 nN NaOH to bring the pH to about 9. The solutions 
(each about 1.0 ml.) were dialyzed with stirring overnight in the cold room 
against 2 liters of distilled water which had been brought to about pH 9 
with NaOH. The dialyzed solutions were used for the experiments de- 
scribed in the next section. 
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The polymers were isolated from reaction mixtures similar to those of 
Fig. 3, but with 50 wmoles of nucleoside diphosphate per 0.5 ml., after 4 
hours of incubation at 30°. The reaction mixture aliquots used for pre- 
cipitation of the polynucleotides corresponded to 30 umoles of added ADP, 
in the case of the A polymer, and 40 umoles of added IDP in that of the I 
polymer. The final dialyzed solutions of these polymers, as determined 
from ultraviolet absorption with correction for the decrease in absorption 
on polymerization (9), contained 2.3 mg. of A polymer (about 6.6 umoles 
as AMP) and 5.8 mg. of I polymer (about 15 wmoles as IMP). These 
yields are reasonable if the reaction proceeded to 60 to 70 per cent of com- 
pletion. 


os 


PER CENT P LIBERATED 
S 
T 


HOURS 


Fic. 3. Time-course of orthophosphate liberation during polynucleotide synthesis 
from ADP (Curve 1) or IDP (Curve 2) with A. faecalis enzyme. Per 0.5 ml. of reac- 
tion mixture, Tris buffer, pH 8.1, 20 umoles; MgCl., 5smoles; ADP or IDP, pH about 
8.0, 20 umoles; and A. faecalis enzyme (specific activity, 10.0) with 0.5 mg. of protein. 
Incubation with shaking at 30°. 0.01 ml. aliquots were removed as indicated for 
orthophosphate determination. The ordinate gives the percentage of acid-labile 
phosphate released as orthophosphate. 


Phosphorolysis of Alcaligenes Polynucleotides—-The phosphorolysis of 
these polynucleotides, both with Azotobacter and Alcaligenes phosphory- 
lase, was determined by the incorporation or ‘“‘exchange”’ of radioactive 
phosphate. The results of such experiments, shown in Table VI, indicate 
that these polymers undergo phosphorolysis in the presence of either bac- 
terial enzyme. The blank P*® incorporation values, in the absence of 
added polynucleotide, correspond to less than 0.3 per cent of the added 
radioactivity and represent the fraction of the orthophosphate not removed 
by the extraction procedure. Also shown in Table VI is an experiment on 
the phosphorolysis of A polymer, prepared with Azotobacter enzyme, by the 
Alcaligenes phosphorylase. We are indebted to Dr. Sanae Mii for the 
Azotobacter A polymer. 

Table VII shows an experiment in which the phosphorolysis of Alcali- 
genes A polymer with Azotobacter phosphorylase was followed by the uptake 
of orthophosphate. Under the conditions of this experiment most of the 


| 
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polymer was phosphorolyzed after incubation for 22 hours. The equiva- 
lence between the orthophosphate which disappeared at the end of incuba- 
tion and that released by hydrolysis in 1.0 Nn HCl at 100° for 7 minutes 


TaBLe VI 

Phosphorolysis of A and I Polynucleotides from Various Sources with Purified Enzymes 

Per 0.5 ml. of reaction mixture, potassium phosphate buffer, pH 7.2 (containing 
P*?, 600 K 10° c.p.m.), 7 wmoles; polynucleotides as indicated, about 0.5 mg.; and 
purified enzyme, either from A. faecalis (specific activity, 10) with 0.35 mg. of pro- 
tein or from A. vinelandii (specific activity, 41.4) with 0.074 mg. of protein. In addi- 
tion, the samples contained 5 umoles of MgCl. in Experiment 1, or 2 umoles of MgCl, 
and 30 umoles of Tris buffer, pH 8.1, in Experiment 2. Incubation, 2 hours at 30°. 


E . ae ” 
c.p.m. 
1 A. faecalis None 1,905 
A. vinelandii A 85 ,830 
66 ** faecalis 43 ,605 
vinelandii 30 , 330 
2 None 1 485 
A faecalis I 37 065 
TaBLe VII 


Phosphorolysis of A. faecalis A Polymer with Purified Azotobacter Enzyme 


Per 0.5 ml. of reaction mixture, potassium phosphate buffer, pH 7.2, 7 umoles; 
KCl, 30 umoles; MgCl., 2 umoles; A polymer (prepared with A. faecalis enzyme), 
about 0.8 mg. (equivalent approximately to 2.3 wmoles as AMP) and Azotobacter 
enzyme (specific activity, 41.4) with 0.148 mg. of protein. Incubation at 30°. 


Incubation time Orthophosphate uptake 7 min. P* 
hrs. pmoles pmoles 
1 0.17 
2 0.34 
6 0.98 
22 | 2.00 2.20 


* Orthophosphate released by hydrolysis for 7 minutes in 1.0 Nn HCI at 100°. 


shows that ADP was the product of the phosphorolysis reaction. The 
Azotobacter enzyme used for the experiments of Tables VI and VII was a 
highly purified preparation obtained recently.2, The same enzyme was 
utilized for the preparation of the Azotobacter A polymer used in the experi- 
ments of Table VI. 

Polynucleotide Phosphorylase in Spinach Leaves—With the methods used 
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for bacteria, small but definite polynucleotide phosphorylase activity was 
found in ammonium sulfate fractions of spinach leaf extracts. The ex- 
tracts were prepared as described in a previous paper (10). The fractions 
were obtained by precipitation with solid ammonium sulfate between the 
limits of 20 and 40 per cent saturation (20-40 fraction) at 0°. The precipi- 
tate was collected by centrifugation at 3—4° and dissolved in one-fourth of 
the original extract volume of 0.05 m Tris buffer, pH 7.2, containing 0.01 
M L-cysteine and the solution was dialyzed against the same buffer. Typi- 
cal results with these fractions are shown in Table VIII. Chromatographic 
and autoradiographic evidence was obtained for the incorporation of P* 
into the nucleoside diphosphates. 


TaBLe VIII 
Polynucleotide Phosphorylase in Spinach Leaves 
Samples contained (in micromoles) Tris buffer, pH 8.0, 100; MgCl:, 2; potassium 
phosphate (with 1.75 X 10° c.p.m. of P*?), 1; nucleotide as indicated, 3, or A polymer, 
1 mg.; and enzyme (20-40 ammonium sulfate fraction of spinach leaf extract) with 
5 mg. of protein in a final volume of 0.41 ml. Incubation, 30 minutes at 30°. 


Nucleotide added “‘exchange”’ 
c.p.m 
DISCUSSION 


The discovery of the polynucleotide phosphorylase reaction raised the 
question whether it represents a general mechanism for the biosynthesis of 
ribopolynucleotides. The results presented in this and in previous papers 
(2, 3, 11) suggest that this is most likely the case in bacteria. Some indi- 
cations for the occurrence of polynucleotide phosphorylase in yeast have 
been obtained by Dr. Grunberg-Manago.* Thus, the phosphorylase 
mechanism might be widely operative in microorganisms. On the other 
hand, as previously mentioned (2, 3, 11), we have as yet been unable to 
obtain unequivocal evidence for the presence of the enzyme in animal 
tissues with the methods used here. Since polynucleotide phosphorylase 
may be expected to be present in larger amounts in rapidly multiplying 
cells than in non-growing or slowly proliferating ones, it is possible that 


* Grunberg-Manago, M., personal communication. 
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animal tissues contain but small amounts of the enzyme difficult to detect 
by the methods thus far used, especially in the presence of interfering or 
competing side reactions. The demonstration by Goldwasser (12) and by 
Heidelberger et al. (13) that AMP is incorporated as such into the ribonu- 
cleic acid of pigeon and rat liver homogenates, under conditions in which 
it can be phosphorylated to ADP and ATP through glycolytic and respira- 
tory reactions, is suggestive of the presence of polynucleotide phosphorylase 
in these tissues. However, further work is necessary before the mechanism 
of synthesis of ribopolynucleotides in animal tissues is understood. 

The occurrence of polynucleotide phosphorylase in the tissues of higher 
plants is suggested by the finding here reported of a small but definite ac- 
tivity of this enzyme in spinach leaves. However, no activity could be 
demonstrated in extracts of germinating lupine seeds and mung beans. 
Since, as mentioned above, very small amounts of the enzyme might escape 
detection by present methods, further work will be required to determine 
whether polynucleotide phosphorylase is widely distributed in plants. 
The finding of the enzyme in leaves may be of importance for an under- 
standing of the mode of synthesis of the ribonucleic acids of plant viruses. 

The presence of polynucleotide phosphorylase in extracts of a number of 
bacteria is demonstrated by the work reported in this paper. However, 
in our laboratory the enzyme has been purified from only two sources, A. 
vinelandii and A. faecalis. Partial purification of the enzyme from E. 
coli (7) and M. lysodeikticus (8) has been accomplished in other laboratories. 
The results to date indicate that the polynucleotide phosphorylases isolated 
from different microorganisms have essentially the same properties. Both 
Littauer (7) and Beers (8) have prepared an AMP polynucleotide (A 
polymer) from ADP and demonstrated the reactivity of other nucleo- 
side-5’-diphosphates as well as lack of reaction with nucleoside-5’-triphos- 
phates. They have further shown the reversibility of the reaction and its 
Mgt+ dependence and have confirmed its occurrence according to Reac- 
tion 1. Similar observations are reported in this paper for the polynucleo- 
tide phosphorylase of A. faecalis. 

Materials and Methods—A. vinelandii (strain original), obtained from 
Dr. P. W. Wilson, was grown and extracted as previously described (3). 
A culture of Mycobacterium phlei was obtained from the Department of 
Microbiology, New York University College of Medicine. The organism 
was grown aerobically according to Sutton (14) and extracts were prepared 
by sonic disintegration of fresh cells suspended in 1 volume of 0.01 m Tris 
buffer, pH 7.3. M. lysodeikticus (No. 4698 of the American Type Culture 
Collection) was grown aerobically according to Krampitz and Werkman 
(15) but in liquid medium. Suspensions of fresh cells were lysed with 
lysozyme and the supernatant fluid obtained by centrifugation was used 
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for the experiments. A culture of E. coli (Crookes) was obtained from Dr. 
I.C. Gunsalus. The cells were grown aerobically‘ and extracted by grind- 
ing with alumina and 0.15 m KCl as previously described for Azotobacter 
(3). EK. coli (No. 4157 of the American Type Culture Collection) was 
grown anaerobically according to Umbreit and Gunsalus (16) and the 
fresh cells were extracted as in the case of FE. coli (Crookes). <A culture of 
M. pyogenes var. aureus (Duncan) was obtained from Dr. E. F. Gale. 
The cells were grown aerobically in Gale’s Medium B (17) and extracted 
by grinding with alumina and 0.01 m Tris buffer, pH 7.3. Lyophilized cells 
of Streptococcus hemolyticus (H46A; Group C), obtained from the Medical 
Research Division, Sharp and Dohme, Inc., were extracted in the same 
way as Staphylococcus. Lyophilized cells of Streptococcus faecalis (10-C-1) 
were obtained from the same source and extracted in the same way as 
S. hemolyticus. Streptococcus lactis R (S. faecalis, No. 8043 of the Ameri- 
can Type Culture Collection) was grown anaerobically according to Kreuger 
and Peterson (18) and the fresh cells were extracted by grinding with 
alumina and 0.01 m Tris buffer, pH 7.3. The extracts were dialyzed for 
4 hours at 3—4° against 0.01 m Tris buffer, pH 8.0, before use. A culture 
of Pneumococcus type III (strain A66) was obtained from Miss Marjorie E. 
Krauss, Department of Microbiology, New York University College of 
Medicine. The cells were grown anaerobically according to McLeod and 
Krauss (19) and extracted by sonic disintegration of suspensions in an equal 
volume of 0.01 m Tris buffer, pH 7.3. Bacillus cereus, obtained from Dr. 
J. D. Smith, was grown aerobically. The fresh cells were extracted as 
described for Azotobacter (3) and the extract was dialyzed for 24 hours 
against distilled water at 3-4° before use. Clostridium kluyveri, obtained 
from Dr. H. A. Barker, was grown anaerobically and dried according to 
Stadtman and Barker (20). The dried cells were extracted as described 
for Azotobacter (3). A sonic extract of Corynebacterium diphtheriae, kindly 
provided by Dr. A. Pappenheimer, Jr., was used after dialysis overnight 
at 3-4° against 0.01 m Tris buffer, pH 8.0. A culture of A. faecalis (8750) 
was obtained from Dr. G. B. Pinchot. The cells were grown and extracted 
by sonic disintegration as described by Pinchot (21). L. arabinosus (17-5) 
(Lactobacillus plantarum, No. 8014 of the American Type Culture Collec- 
tion) was grown anaerobically according to Blanchard et al. (22). Extracts 
of fresh cells were prepared either as described for Azotobacter (3) or by 
sonic disintegration in 1 volume of 0.1 m Tris buffer, pH 8.1. Lyophilized 
cells of C. acetobutylicum, a gift of Dr. C. F. Artzberger (Commercial Sol- 
vents Corporation) to Dr. J. R. Stern, were extracted as described for 
Azotobacter (3). Lyophilized Hydrogenomonas facilis cells, obtained from 


* Gunsalus, I. C., personal communication. 
*Smith, J. D., personal communication. 
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Dr. R. H. Burris, were extracted by sonic disintegration of a suspension in 
water (0.1 gm. in 15 ml. of HO, 20 minutes) and the supernatant fluid was 
obtained by the centrifugation used. 

Protein in the bacterial and plant extracts was determined by the biuret 
method (23) and, occasionally, spectrophotometrically according to War- 
burg and Christian (24). Orthophosphate was determined and calcium 
phosphate gel was prepared as previously described (3). ATP (crystal- 
line), ADP, AMP, and IDP were obtained from the Sigma Chemical 
Company and CDP from the Pabst Laboratories. A and I polymers were 
obtained biosynthetically with Azotobacter enzyme as previously described 
(3), or with A. faecalis enzyme as described above. 


SUMMARY 


1. The occurrence of polynucleotide phosphorylase in extracts of a num- 
ber of bacteria has been established through the incorporation of radio- 
active phosphate in nucleoside-5’-diphosphates when these compounds or 
polynucleotides are used as substrates. Approximate quantitative data 
on the bacterial distribution of the enzyme have also been obtained. 

2. The polynucleotide phosphorylase of Alcaligenes faecalis has been 
purified to some extent. The preparation of polynucleotides with this 
enzyme and their phosphorolysis with Azotobacter or Alcaligenes enzyme 
are described. 

3. Small but definite polynucleotide phosphorylase activity has been 
found in ammonium sulfate fractions from spinach leaf extracts. There is 
as yet no definite evidence for the presence of the enzyme in animal tissues. 
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THE STRUCTURE OF PLASMALOGENS 
I. HYDROLYSIS OF PHOSPHATIDAL CHOLINE BY LECITHINASE A* 


By MAURICE M. RAPPORT anp ROBERT E. FRANZL 


(From the Division of Experimental Pathology, Sloan-Kettering Institute for Cancer 
Research, the Sloan-Kettering Division, Cornell University Medical College, and 
the Division of Laboratories and Research, New York State Department of Health, 

New York, New Yorkt) 
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Plasmalogens are naturally occurring, widely distributed phospholipides 
which release higher fatty aldehydes when treated with weak mineral acids 
or mercuric salts. They were discovered by Feulgen in 1924 through the 
color produced in the cytoplasm of cells treated with fuchsin-sulfurous 
acid. The studies of Feulgen and his collaborators led to the isolation in 
1939 of a crystalline phospholipide containing higher fatty aldehyde, 
glycerol, phosphorus, and ethanolamine (2). Their proposed acetal struc- 
ture has since served as a prototype of this class of lipides. 


CH;—O 
CH—R 


CH——O 
O 


T 
OH 


This crystalline phospholipide was obtained after vigorous alkaline 
hydrolysis of muscle phospholipides. The isolation of a similar and pre- 
sumably identical ‘“‘acetal phospholipide” from brain was achieved by 
Thannhauser, Boncoddo, and Schmidt (3) after a more gentle though more 
prolonged alkaline hydrolysis than that described by Feulgen and Bersin. 
In 1951 and 1953, Schmidt and coworkers (4, 5) reported that the isolated 
material did not correspond to plasmalogen in crude extracts, since the 
former, under the influence of mercuric salts, had all its phosphorus con- 
verted to the trichloroacetic acid-soluble form, while with crude extracts 
the formation of acid soluble-phosphorus required pretreatment with al- 


* Presented in part at the Forty-sixth annual meeting of the American Society of 
Biological Chemists, San Francisco, April 11-15, 1955 (1). 
t Mailing address, 410 East 68th Street, New York 21, New York. 
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kali. This result suggested that the native plasmalogen contained an al- 
kali-labile residue. 

In 1954, we reported the isolation of plasmalogens from bovine muscle 
by chromatographic separation on silicic acid, a method which did not in- 
volve alkaline hydrolysis (6). Two main fractions were obtained, one con- 
taining ethanolamine and the other choline as the nitrogenous base. 
Analyses for nitrogen, phosphorus, and choline (or ethanolamine) showed 
the presence of two fatty chains per atom of phosphorus in the plasmalo- 
gens. One of these was bound as ester while the other was aldehydogenic. 
Although analyses and chemical reactivity suggested that the plasmalogen 
fractions might be reasonably pure, application of a quantitative method 
for ester groups (7) showed that each fraction contained a large quantity 
of its phosphatidyl analogue. Extensive chromatographic fractionation 
has not led to resolution of the mixtures. 

Two problems emerged from these studies. ‘The first was concerned 
with resolution of the mixtures, and the second and more important one 
was related to the structure of plasmalogens. If plasmalogens contained 
an esterified fatty acid, then only one glycerol hydroxyl group was avail- 
able for linkage of the aldehydogenic chain. What was the nature of the 
linkage, and was it connected to the primary or secondary hydroxy] group? 

In an effort to answer these questions, we studied the action of snake 
venom lecithinase A on preparations of beef heart lecithin prepared ac- 
cording to Pangborn (8). These preparations were shown in a previous 
paper to be uniform in composition and probably to contain about 60 per 
cent of phosphatidal choline (the name we have proposed for the native 
choline plasmalogen) and 40 per cent lecithin. If phosphatidal choline 
were resistant to the action of lecithinase A, enzymic hydrolysis would 
provide a convenient method for isolation of pure native plasmalogen. If 
it were hydrolyzed at the same rate as lecithin, then, as a consequence of 
the definitive studies of Hanahan et al. (9-11), which established the speci- 
ficity of this enzyme with pure substrates, firm evidence on the structural 
relationship of phosphatidal choline and phosphatidylcholine would be ob- 
tained. 


EXPERIMENTAL 


Analytical M ethods—Methods in use in this laboratory for phospholipide 
components have been described (7, 12). 

Substrates—Nine beef heart lecithin preparations, complete analyses of 
which were presented earlier (12), were studied. Pangborn’s method used 
in their isolation has also been summarized (12). Vegetable and egg phos- 
phatidylcholines were prepared by chromatographic fractionation. The 
following analyses of these preparations were made: vegetable phospha- 
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tidylcholine, P 3.88; N 1.75; ester groups, molecular extinction (e) 2120. 
Egg phosphatidylcholine, P 3.84; N 1.81; ester groups, « 2190. By nin- 
hydrin analysis, amino N:N was less than 0.01 for both. 

Enzymes—Lyophilized venoms of Naja naja (cobra) and Crotalus ada- 
manteus (rattlesnake) were used (Ross Allen’s Reptile Institute, Silver 
Springs, Florida). 

Enzyme Studies—The experiments were performed in ether according to 
the method of Hanahan, Rodbell, and Turner (10), the extent of hydrol- 
ysis being determined from disappearance of ester groups measured colori- 
metrically with the Coleman Universal spectrophotometer at 530 my 
(7). To 600 y of phospholipide substrate in 0.5 ml. of ethyl ether in each 
of several tubes was added 0.02 ml. of 0.1 m phosphate buffer (pH 7.0) con- 
taining 30 y of enzyme. The mixture was shaken with a vibrator for 10 
seconds and then left at room temperature (23-27°). At suitable time 
intervals (0, 3, 6, and 24 hours) the reaction was stopped by adding 0.5 ml. 
of 95 per cent ethanol. The solvent was removed under a stream of nitro- 
gen, and the ester reaction was performed on the residue. 


Results 


Rate of Hydrolysis—The data (Fig. 1) show the change in optical density 
with time which results from hydrolysis of the ester group by N. naja 
lecithinase. The range of observed values for the nine beef heart lecithin 
preparations for each of the four time intervals is indicated by the vertical 
lines; the curve is drawn through the average values. The upper curve 
shows the rate of hydrolysis of vegetable and egg phosphatidylcholines by 
the same enzyme preparation. The short horizontal dotted lines indicate 
the residual color calculated for the loss of one ester group. It can be seen 
that the rates of hydrolysis of phosphatidylcholines and beef heart lecithins 
are identical. After 6 and 24 hours, the reactions are, respectively, about 
90 and 96 per cent complete for the anticipated hydrolysis of 1 mole of 
ester. 

Similar results were obtained with the C. adamanteus enzyme. 

Products of Reaction—As the reaction proceeds, a gelatinous precipitate 
forms as reported by Hanahan (9). The precipitate was analyzed for 
aldehydogenic groups at different stages of the reaction. At suitable time 
intervals, precipitates were collected and washed twice with ether by cen- 
trifugation, dried under nitrogen, and dissolved in 5 ml. of chloroform. 
Supernatant solution and ether washings were combined and made up to 
5ml. with ethanol. Aliquots were withdrawn for ester and fuchsin-sulfu- 
rous acid reactions. The results (Table I) show that the aldehydogenic 
group appeared in the insoluble phase. It was thus associated with a mol- 
ecule which displayed the same solubility properties as lysophosphatidyl- 
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Fic. 1. Enzymic hydrolysis of beef heart lecithin (solid line), egg lecithin, and 
vegetable lecithin (dashed line, open and closed circles, respectively) by cobra 
venom lecithinase. The vertical lines indicate the range of values for nine beef heart 
lecithin preparations. The curve is drawn through average values. The short hori- 
zontal dashed lines indicate calculated values for the complete hydrolysis of one 
fatty acid ester group per molecule. 


I 


Distribution of Aldehydogenic Group between Ether Solution and 
Precipitate during Enzymic Hydrolysis 


| Fuchsin-sulfurous acid color 
Time Extent of reaction — 


| Ppt Ether solution 

hrs. per ceni* per centt per cenit 

0 0 0 | 98 

2 52 : 10 |. 93 

4 64 48 : 57 

5 93 73 26 

7 96 89 15 
24 | %6 92 4 


* Based on decrease of ester group reaction. 
t Based on total color produced by untreated beef heart lecithin. 
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choline. No significant change in color produced with the Schiff reagent 
was observed, suggesting that the linkage of the aldehydogenic group was 
unaffected by enzymic hydrolysis of the native plasmalogen. When hy- 
drolysis was complete, all the original phosphorus and all the remaining 
ester groups were associated with the gelatinous precipitate. 

From the reaction of 82 mg. (0.106 gm. atom of P) of beef heart lecithin 
with cobra venom enzyme, 27.0 mg. of free fatty acid were obtained from 
the ether-soluble phase. This acid had a neutral equivalent of 302 and 
a hydrogen number (10) (mg. of fatty acid per millimole of hydrogen 
taken up) of 146. It was therefore highly unsaturated with an average of 
two double bonds per molecule. 


DISCUSSION 


Hanahan and his coworkers have shown that the activity of snake venom 
lecithinase A in ether is confined to the esterified primary alcoholic group 
of glycerol in phosphatidylcholine, even when both primary and secondary 
hydroxy! groups are esterified with the same saturated or unsaturated fatty 
acid. ‘The observation that beef heart lecithin (which is 60 per cent plas- 
malogen) is hydrolyzed at the same rate and to the same extent as phos- 
phatidylcholine shows not only that the choline plasmalogen is closely re- 
lated in structure to phosphatidylcholine, but also that the fatty acid ester 
group is completely or almost completely formed with the primary hy- 
droxyl group of glycerol. The aldehydogenic chain must therefore be 
linked through the secondary hydroxy]. This structure is at variance 
with that proposed by Klenk and Debuch (13) in which the aldehydogenic 
chain is connected to the primary hydroxyl group. Their proposal is 
based on a presumed structural relationship of the glycerol ethers formed 
by catalytic reduction of plasmalogens to the naturally occurring glycerol 
ethers (such as batyl, chimyl, and selachyl alcohols) which are known to 
have the @ structure (14). 

It must of course be borne in mind that all studies thus far reported 
have been performed on fractions which contain appreciable quantities of 
phosphatidylcholine and which, with respect to relative proportions of 
a- and 8-linked aldehydogenic chains, are possibly isolation artifacts. One 
advantage of the work reported here is derived from the fact that a sub- 
stantial number of beef heart lecithin preparations are shown to be indis- 
tinguishable as substrates for snake venom lecithinase, an observation con- 
sistent with their uniform content of phosphatidyl- and phosphatidal 
choline (12) when isolated by Pangborn’s procedure. The estimate previ- 
ously made that beef heart lecithin contains 60 per cent phosphatidal 
choline and 40 per cent phosphatidylcholine is confirmed by the residual 
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ester content of the lysophospholipides after the enzyme reaction is com- 
plete, since it is reasonable to assume that this reaction is wholly derived 
from the unhydrolyzed (8) ester linkage in lysophosphatidyl!choline. 

The high degree of unsaturation in the fatty acids liberated from beef 
heart lecithin by the enzyme (average of two double bonds per molecule) 
confirms the positional asymmetry of mammalian phosphatidylcholines re- 
ported by Hanahan in studies of liver phospholipides. This asymmetry 
may therefore be extended to include phosphatidal cholines as well as 
phosphatidylcholines. In this connection, the report of Klenk and De- 
buch (13) that mild acid hydrolysis (which cleaves the aldehydogenic 
chain) leads to the formation of an unsaturated lysolecithin would tend to 
support the 8-linkage of the aldehydogenic chain proposed by us. 

The experimental evidence derived from the hydrolysis of phosphatidal 
choline by snake venom lecithinase is relevant only to the position of the 
fatty acid ester and aldehydogenic chains. It does not directly bear on the 
nature of the linkage through which the latter is bound. Some evidence 
pertaining to this aspect of plasmalogen structure has already appeared 
(13, 15, 16) and will be taken up more fully in the accompanying paper. 


We wish to express our thanks to Mrs. Naomi Karsh for her able tech- 
nical assistance. 


SUMMARY 


Nine preparations of beef heart lecithin, the composition of which is 60 
per cent phosphatidal choline (choline plasmalogen) and 40 per cent phos- 
phatidylcholine, were found to be hydrolyzed by cobra venom lecithinase 
in a uniform manner. The rate and extent of hydrolysis were identical 
with that observed with egg and vegetable phosphatidylcholines. This 
result confirms the presence in phosphatidal choline of 1 esterified fatty 
acid residue per molecule and indicates its linkage to the primary hydroxy! 
group of the glycerol moiety. The aldehydogenic chain must therefore be 
connected through the secondary (or 8) hydroxyl group. The high degree 
of unsaturation of the fatty acids (average of two double bonds) liberated 
by enzymic hydrolysis indicates that the positional asymmetry found in 
mammalian liver lecithins is also present in mammalian plasmalogens. 
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II. CRYSTALLINE LYSOPHOSPHATIDAL ETHANOLAMINE 
(ACETAL PHOSPHOLIPIDE)* 


By MAURICE M. RAPPORT, BERNARD LERNER, NICHOLAS ALONZO, 
AND ROBERT E. FRANZL 


(From the Division of Laboratories and Research, New York State Department of Health, 
Division of Experimental Pathology, Sloan-Kettering Institute for Cancer Research, 
and the Sloan-Kettering Division, Cornell University Medical College, 

New York, New York) 


(Received for publication, October 2, 1956) 


In the previous paper (1) we described a sequence of events which led 
from the isolation of crystalline ‘“‘acetal phospholipide” by Feulgen and 
Bersin, and the realization by Schmidt and coworkers that the properties of 
this compound differed from those of native plasmalogen, to the prepara- 
tion of plasmalogen fractions in this laboratory which indicated the pres- 
ence of a fatty acid ester residue in addition to the aldehydogenic chain. 
The inadequacy of the formulation of native plasmalogens as glycery] 
acetals was first surmised by Anchel and Waelsch (2) from the enormous 
disparity between the rates of reaction with fuchsin-sulfurous acid reagent 
of synthetic glyceryl acetals and lipide extracts. They reported that their 
results “suggest that the aldehyde linkage in the naturally occurring com- 
plex may be more labile than the acetal linkage with glycerol.” A crucial 
observation with respect to the nature of this linkage was made by Klenk 
and Debuch (3, 4), and independently in this laboratory (5); namely, 
catalytic reduction leads to the complete disappearance of aldehydic reac- 
tions and the formation of a glyceryl ether. Klenk and Debuch (4) be- 
lieve this property to be consistent with the hemiacetal structure (I), while 
our formulation of the linkage of the aldehydogenic chain favors the un- 
saturated ether (II). These observations were made with plasmalogen 
fractions containing a substantial quantity of non-aldehydogenic com- 
ponent, such as phosphatidylethanolamine or phosphatidylcholine. The 
only ‘‘pure’”’ aldehydogenic phospholipide isolated is still that reported ini- 
tially by Feulgen and Bersin (6) and later by Thannhauser, Boncoddo, and 
Schmidt (7), which presumably has the glyceryl acetal structure (III). 
The questions arise whether this compound is naturally present in tissues 


* This study was supported in part by a research grant (No. C-2316) from the 
National Cancer Institute of the National Institutes of Health, Public Health Serv- 
ice. A preliminary account was presented at the 130th national meeting of the 
American Chemical Society, Atlantic City, September, 1956. 
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and is isolated instead of more reactive plasmalogens by virtue of its greater 
stability or whether the native plasmalogen is converted to this structure 
during isolation by intramolecular reaction with the free hydroxy] group, 
following saponification of the ester. The first possibility is unlikely be- 
cause of the relatively high yield obtained by Thannhauser et al. (7). 
Through the kindness of Dr. Schmidt, we had obtained a specimen of 
crystalline brain acetal phospholipide in connection with our studies on the 
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relation of phospholipide structure to thromboplastic activity. This speci- 
men was subsequently used for comparison with native plasmalogens in 
their reactivity toward fuchsin-sulfurous acid. The comparison was made 
at 12°, a temperature which serves to accentuate the difference in reactiv- 
ity between native plasmalogens and synthetic glyceryl] acetals or their 
derivatives. The reactivity of the specimen of crystalline acetal phospho- 
lipide, although less than that of the purified plasmalogens, was of the same 
order of magnitude. This observation indicates a third possibility for the 
relationship of the crystalline phospholipide to naturally occurring plas- 
malogens. According to this hypothesis, the crystalline acetal phospho- 
lipide contains no acetal linkage whatsoever; the aldehydogenic chain is 
linked in the same manner as in the native plasmalogens. Crystalline 
acetal phospholipide would be correctly formulated, on this basis, as a 
lysoplasmalogen (IV). In this paper we are reporting the isolation of a 
crystalline plasmalogen from bovine muscle, the properties of which are in 
accord with this third hypothesis. Since we have proposed calling plas- 
malogens phosphatidal ethanolamine and phosphatidal choline to indicate 
their close relationship to the respective phosphatidyl compounds, we sug- 
gest extending this nomenclature to include the derivative under dis- 
cussion by calling it lysophosphatidal ethanolamine. 


EXPERIMENTAL 


Preparation of Crystalline Lysophosphatidal Ethanolamine from Muscle— 
The procedure is based on the methods of Feulgen and Bersin (6) and 
Thannhauser, Boncoddo, and Schmidt (7) with application of silicic acid 
chromatography for separation of choline and ethanolamine plasmalogens 
(8). Phospholipides were extracted from 7 pounds of bovine muscle with 
95 per cent ethanol and precipitated with acetone and ether-acetone as de- 
scribed by Feulgen and Bersin (6). The yield was 13.7 gm.; P, 3.9 per 
cent. A solution of this material in hexane was chromatographed on silicic 
acid-Celite, according to the procedure previously described (8, 9), with a 
column 250 X 60 mm. containing 300 gm. of silicic acid and 50 gm. of 
Celite 535. Fractions collected with 2400 ml. of hexane, 1800 ml. of 10 
per cent ethanol in hexane, and 600 ml. of 30 per cent ethanol in hexane 
were discarded. The next 2400 ml. of 30 per cent ethanol in hexane con- 
tained the desired ethanolamine plasmalogen. The yield was 3.25 gm.; 
P, 4.10; N:P, 0.99; ethanolamine: P, 1.04; ester groups, e, 1540 (about 1.5 
groups per atom of P). 

Preliminary hydrolysis experiments with n alkali indicated that, after 
2.5 hours at 37°, saponification of fatty acid ester groups was complete 
without significant hydrolysis of phosphoric acid ester groups. Accord- 
ingly, 3.0 gm. of the above fraction dissolved in 10 ml. of ethyl ether were 
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suspended in 300 ml. of n NaOH and shaken at 37° for 2.5 hours. The 
reaction mixture was then rapidly chilled and brought to pH 6.3 by drop- 
wise addition of 1 N H,SQ,, the temperature being kept below 10°. The 
aqueous phase was saturated with sodium sulfate and the insoluble lipide 
was collected by centrifugation and dissolved in CHCl;-MeOH (9:1). Af- 
ter concentration to 12 ml. under reduced pressure, 10 volumes of acetone 
were added. The mixture was chilled and the supernatant fluid decanted. 
The precipitate was dried on the aspirator and extracted twice with 200 
ml. portions of 97 per cent acetone and once with acetone (7). The in- 
soluble residue was dissolved in 100 ml. of boiling methanol and centri- 
fuged. The clear solution was cooled and treated with 800 mg. of meth- 
anol-washed Amberlite XE-64 (7). The resin was filtered off, and the 
solvent was evaporated until precipitation began. The precipitate was re- 
dissolved by gentle heating after addition of 7.5 ml. of n-propanol. The 
crystals which deposited when cooled were recrystallized from 10 ml. of 
methanol to give 486 mg.; P, 6.28. After two further recrystallizations 
from methanol, 251 mg. of almost colorless product were obtained. 


C2:H,O.NP (stearic aldehyde derivative). 
Calculated. C 59.4, H 10.3, N 3.01, P 6.67, glycerol 19.8, ethanolamine 13.1 
Found. 60.4,° ** 10.5,° ** 2.901, *661,° 18.7, 13.3 
6.46 


The analyses designated with asterisks (C, H, P) were performed by the 
Spang Microanalytical Laboratory, Ann Arbor, Michigan. All other analy- 
ses were performed in this laboratory: N, P, and glycerol as earlier de- 
scribed (10), ethanolamine as the dinitrophenyl derivative according to 
Axelrod et al. (11). Other characterizations include direct ninhydrin color 
formation by the method of Lea and Rhodes (12), giving a molar absorp- 
tivity of 3.99 XK 10* (Coleman model No. 14 spectrophotometer; 6-304B 
cuvettes), fatty aldehyde as p-nitrophenylhydrazone, giving 0.86 mole of 
aldehyde per atom P (13, 14), and liberation of glycerylphosphorylethanol- 
amine in the expected amount after treatment with 20 per cent AcOH at 
37° for 48 hours (15), detected by paper chromatography according to 
Dawson (16), Rr in phenol saturated with 0.1 per cent NHs3, 0.60, indis- 
tinguishable from synthetic glycerylphosphorylethanolamine. 

The solubility of the substance is in accord with that described previ- 
ously (6, 7). Melting behavior does not offer a reliable physical constant. 
Our specimen melted at 160—-190° with some decomposition when heated 
at 3° per minute on the micro hot stage. 

Rotation—Specific rotation was determined in the Keston polarimeter 
attachment to the Beckman spectrophotometer. At a concentration of 
4 per cent in chloroform-methanol (1:1), the observed transmission for 5° 
rotation at 589 my and 0.5 dm. path was 87.9 per cent, giving [a]?? —8.6°. 
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Thannhauser et al. (7) record the specific rotation as +6.25°. No rotation 
was reported by Feulgen and Bersin. 

Unsaturation—Bromination, performed according to Yasuda (17) as 
modified by Pangborn et al. (18), indicated an uptake of 0.88 mole of 
bromine per gm. atom of P. Microhydrogenation was carried out in 1.5 
ml. of 95 per cent ethanol at 26.5° by the method of Mead and Howton 
(19), with 5 per cent palladium on charcoal. The hydrogen uptake was 
0.98 mole per gm. atom of P. Thannhauser et al. record an iodine number 
of 1.43, indicating no unsaturation. No analyses pertaining to unsatura- 
tion were reported by Feulgen and Bersin. 
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MINUTES 
Fic. 1. Fuchsin-sulfurous acid reaction at 12°. (A) Native ethanolamine plas- 
malogen fraction; (B) lysophosphatidal ethanolamine; (C) n-decyl aldehyde; (D) 
palmityl dimethyl acetal; (E) stearyl (or myristyl) glyceryl acetal. 


Reactivity with Fuchsin-Sulfurous Acid (14)—In Fig. 1 is shown the rate 
of color development at 12° of the lysoplasmalogen compared with the 
native ethanolamine plasmalogen fraction (containing phosphatidy!l- 
ethanolamine), steary] glyceryl] acetal, myristyl glyceryl acetal, palmity] 
dimethyl] acetal, and n-decyl aldehyde. It can be seen that, while the 
lysoplasmalogen reacts somewhat more slowly than the native plasmalo- 
gen, the rate is much more rapid than that of the other compounds. _Inas- 
much as the ethanolamine phospholipides tend to flocculate more rapidly 
than the corresponding choline derivatives, the Schiff reaction is not useful 
for exact quantitative comparisons of different derivatives. However, it 
does serve as a sensitive index of reactivity. 

Changes in Properties after Hydrogenation—The lysophosphatidal etha- 
nolamine, after catalytic hydrogenation over palladium-charcoal catalyst 
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with hydrogen uptake of 1 mole per atom of P, no longer produces color 
with the fuchsin-sulfurous acid reagent. No fatty aldehyde is measur- 
able as the p-nitrophenylhydrazone. Stability toward alkali is preserved 
(no formation of water-soluble phosphorus on treatment with 1 N NaOH 
at 37° for 18 hours), and stability toward acid is gained (no formation of 
water-soluble phosphorus on treatment with 1 x HCl at 37° for 18 hours 
or 20 per cent AcOH at 37° for 48 hours). These properties (Table I) are 
consistent with the reduction of the linkage of the aldehydogenic chain to 
form an ether, a reaction already established for impure preparations of 
brain cephalin and beef heart lecithin (3-5). 


TABLE I 
Properties of Lysophosphatidal Ethanolamine before and after Catalytic Hydrogenation 


Reaction | Unreduced | Reduced 
Bromination, bromine: P, mole 0.88* 0 
Hydrogenation, hydrogen:P, mole 0.98 0 
p-Nitrophenylhydrazone formation, aldehyde: P, mole 0.86 | 0 
Schiff reaction (fuchsin-sulfurous acid) + | ~ 


Water-soluble P formation | 
Alkaline hydrolysisf | 
Acid hydrolysist | 


* Equivalent to iodine number 48. 
t For details, see the text. 


DISCUSSION 


The evidence presented in this paper in relation to two aspects of plas- 
malogen structure will be discussed. First, what is the relationship of 
crystalline lysophosphatidal ethanolamine to native plasmalogen and to 
previously isolated acetal phospholipide, and, second, what structural 
formulation is most suitable for explaining the properties of the crystalline 
material. 

With regard to the relationship of the substance isolated by us from beef 
muscle, by Thannhauser et al. from beef brain, and by Feulgen and Bersin 
from beef and horse muscle, the evidence does not indicate that these sub- 
stances are different. In terms of composition, they all contain 1 mole of 
fatty aldehyde, 1 mole of glycerol, and 1 mole of ethanolamine per gm. 
atom of P. All contain the latter three components as glycery]phosphory]- 
ethanolamine. Behavior in melting offers no useful basis for distinguish- 
ing them (7). There remain two properties in which agreement is lacking 
between Thannhauser’s compound and our own; rotation and unsatura- 
tion. With respect to rotation, further studies will be necessary to clarify 
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this point. The discrepancy may result from the presence of contam- 
inants not detectable by the analytical methods employed. As for un- 
saturation, the discrepancy is irreconcilable, since our evidence and that 
of Klenk and Debuch indicate that the liberation of fatty aldehyde and the 
reactivity toward fuchsin-sulfurous acid are both dependent upon the pres- 
ence of unsaturation in the molecule. It is possible that the method used 
by Thannhauser et al. (not recorded in their paper) does not measure the 
unique type of unsaturation which exists in these compounds, although 
our evidence indicates this double bond to be more reactive than ordinary 
olefinic bonds. A specimen of brain lysoplasmalogen which we isolated 
according to Thannhauser eft al. showed exactly the same kind and quan- 
tity of unsaturation as the muscle derivative. Furthermore, the specimen 
of acetal phospholipide, which we obtained from Dr. Schmidt and which 
provoked the present study because it displayed the greater reactivity of 
native plasmalogen rather than that of glyceryl acetals, was also found to 
add bromine. It had, unfortunately, lost much of its initial aldehyde re- 
activity,' and too little was available to permit quantitative comparisons. 

The evidence obtained from reactivity with fuchsin-sulfurous acid re- 
agent (or p-nitrophenylhydrazine), coupled with the loss of aldehyde reac- 
tions after hydrogenation, leaves little doubt that the same type of linkage 
of the aldehydogenic chain exists both in native plasmalogens and in the 
crystalline lyso derivative; there is no evidence to suggest that any altera- 
tion has occurred other than the hydrolysis of the esterified fatty acid. 

The properties which a suitable formulation of the “lysoplasmalogen”’ 
must explain are the following: (1) the loss of aldehyde reactions upon 
hydrogenation, with concomitant conversion from the acid-labile to acid- 
stable form of the linkage connecting the fatty chain to glycerol; (2) the 
marked reactivity with aldehyde reagents, 7.e. greater than that of acetals; 
(3) the stability toward alkaline hydrolysis; and (4) the stability in alco- 
holic solution. Each of these properties is equally characteristic of ‘“‘native 
plasmalogens,’’ with the exception, of course, of the susceptibility to alkali 
of the carboxylic ester group. Inasmuch as native plasmalogen fractions 
can at present be studied only as constituents of mixtures, these properties 
cannot be given quantitative definition. Even if native plasmalogen un- 
contaminated with other phospholipides were available, interpretations of 
reactivity might well remain ambiguous. For example, the presence of 
olefinic linkages in the fatty acid chain does not permit differentiation be- 
tween hydrogen addition and hydrogenolysis on the basis of hydrogen 
uptake alone. In the lysoplasmalogen fraction under study, this source 


' Our previously reported (14) recovery of 53 per cent of a mole of fatty aldehyde 
as p-nitrophenylhydrazone from a specimen of acetal phospholipide must be attribu- 
ted to some deterioration in the sample. The value found in this paper is 86 per cent. 


XUM 


866 STRUCTURE OF PLASMALOGENS. II 


of ambiguity is absent. Bromination and hydrogenation show that a sin- 
gle double bond is present. The loss of this unsaturation leads to the loss 
of aldehyde properties. Hydrogenolysis which would require the uptake 
of hydrogen in excess of the 1 molecule required for the unsaturation does 
not occur. The explanation offered by Klenk and Debuch that the loss of 
aldehyde properties is the result of hydrogenolysis of the hemiacetal struc- 
ture is therefore incorrect. Stability in alcoholic solution is also not con- 
sistent with the hemiacetal formulation, nor is the stability to oxidation 
with alkaline ferricyanide.2, On the other hand, with the sole exception 
that such a structure has not been previously discovered in the animal 
body or for that matter in natural products from any source, there is no 
argument which is in disharmony with the unsaturated ether structure. 
Each of the properties listed is easily explained by this representation. 
There remains to be settled the point of attachment of the aldehydogenic 
chain, since it may be linked to either the primary or the secondary hy- 
droxy] group of glycerol. While the available evidence cannot yet support 
a rigorous assignment of structure, it favors the secondary hydroxyl group 
for two reasons. The first is that 8 attachment has been shown for the 
analogous phosphatidal choline component of beef heart lecithin (1). The 
second is that Thannhauser, Boncoddo, and Schmidt (15) have isolated 
L-a-glycerylphosphorylethanolamine from their crystalline lysoplasmalo- 
gen, obtained after 10 days treatment with n alkali at 37°. If alkaline 
hydrolysis were to liberate the secondary hydroxy! group of the glycerol, 
these conditions would result in phosphate migration to give an equilibrium 
mixture of a- and #-glyceryl phosphate derivatives (20), as has been 
pointed out by Baer and Stancer (21). It is interesting that the argument 
based on an analogy to established structures (a-glyceryl ethers) is as mis- 
leading with respect to the position of attachment as it is to the mode of 


linkage. 


We wish to express our thanks to Dr. E. Baer for a specimen of synthetic 
glycerylphosphorylethanolamine, to Dr. Gerhard Schmidt for a specimen 
of brain plasmalogen, to Dr. H. Waelsch for a specimen of synthetic steary| 
glyceryl acetal, to Dr. J. Wittenberg for a specimen of synthetic myristy] 
glyceryl acetal, and to Dr. C. L. Yarbro for a specimen of synthetic palmity! 
dimethyl acetal. We are indebted to Mr. Herbert Rosenkranz for the 
measurements of optical rotation. 


SUMMARY 


Crystalline aldehydogenic phospholipide isolated from bovine muscle is 
shown to contain a single double bond; hydrogenation leads to the disap- 


? Unpublished experiments. 
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pearance Of aldehyde reactions. The aldehydogenic chain in this lyso- 
plasmalogen is therefore not bound through an acetal or hemiacetal linkage. 
Evidence is presented supporting the formulation of this compound as an 
a’,8’-unsaturated ether, with attachment of the non-polar chain via the 
secondary hydroxy! group of glycerol. The evidence also indicates that 
this unique structural feature is characteristic of both crystalline lysophos- 
phatidal ethanolamine and native plasmalogens. 


Addendum—Ansell and Norman (22) have recently suggested that 8-glycerylphos- 
phorylethanolamine, present in hydrolysates of crude lipides, is derived from plas- 
malogens. 
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Refractometric analysis of total solids in serum and urine is simple, ac- 
curate, and rapid. Adolph (1) demonstrated the high coefficient of corre- 
lation between refractive index and total solids of dog plasma and subse- 
quently employed refractometry as an index of the total solids of human 
serum (2). Blohm (3), using a dipping refractometer, showed for human 
urine that the reading given by that fluid was proportional to its dissolved 
total solids, and he determined a refractometric coefficient of proportion- 
ality. The application of refractometry is extended in the present paper 
with the determination of several new coefficients for total solids of serum 
and urine. 

The refractive index of serum has been used as a measure of total pro- 
tein concentration (4, 5), but it has been supposed that high accuracy in 
this analysis can be obtained only when the albumin-globulin ratio is 
known (6) and when the lipide content is low (7). However, at least 
when refractometry is used as a measure of total solids, the albumin- 
globulin ratio is not vitiating, as we shall show, nor is there significant 
influence of the usual lipide content of serum on the determination. 

Refractometry is particularly advantageous for urine, since otherwise 
its total solids can be analyzed satisfactorily! only by relatively elaborate 
procedures such as lyophilization. Estimates of urinary solids by means 
of specific gravity coefficients are considerably less accurate (3, 8). 


Methods 


A Bausch and Lomb dipping refractometer, with or without an auxiliary 
prism, was used with a sodium vapor lamp (D line). In accord with the 
simpler precedent, we employ the instrumental increment of the refractom- 
eter which is the difference between the scale reading for the solution 
being tested and the scale reading for water, both being taken at 17.5° + 
0.2°. In a few cases, water and solution were examined at room tempera- 
ture, the instrumental increment being essentially constant so long as 

* Major, Medical Corps. 

' “Satisfactorily’’ does not imply ‘‘accurately.’’ As with sea water, it may be 
impossible exactly to determine total solids of urine by evaporative techniques. 
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both fluids are at the same temperature (2, 9). With the auxiliary prism 
only 1 drop of sample is needed, and less than 5 minutes are required, for 
each determination of a series. 

Total solids of serum (man, dog, rat) were determined gravimetrically 
after being dried to constant weight in air at about 98°. Serum protein 
was determined by a biuret method (10). Total solids of urine (man, 
dog, cat) were determined by a lyophilic ‘“‘cryochem”’ process (8, 11). 
Specific gravity of urine, Dj-, was obtained at 20° with a Westphal balance 
and empirically converted to Djg- by multiplying the measured value by 
1.0016. 

Serum and urine may be stored for over 2 months at —18° and thawed 
_ without a significant change in the refractive index; similarly, they may be 
stored at ordinary refrigerator temperatures for over 2 weeks. Sediment 
of cold urine was redissolved by suitable warming before refractometry. 

The coordinates of the graphs were chosen to yield the more useful form 
of equations rather than to denote independent and dependent variables. 
All coefficients of correlation and standard errors of estimate, given in con- 
nection with lines conditionally fixed at the origin, strictly relate to lines 
of best fit determined by the actual data.? 


Results 


Serum—Fig. 1 illustrates the high correlation between the instrumental 
increment of the refractometer and total solids of serum. The equations 
(Ags)y = 0.2242 R and (As), = 0.2049 R, derived statistically, give the 
lines of best fit which are conditionally fixed at the origin. The constants 
of proportionality are obtained from ZYXY/ YX?, a formula kindly called 
to our attention by Dr. Ardie Lubin. 

Lines of best fit determined from the actual data, 7.e. not conditionally 
fixed at the origin, are scarcely more accurate in the range of observed 
values and tend to be less accurate as they are extrapolated toward their 
intercepts. However, such lines were represented as follows: 


Man, (Ags). = 0.2283 (R — 0.76) and (Ag), = 0.1884 (R + 3.71) 
Dog, (As)e = 0.2311 (R — 1.02) and (Ag), = 0.1949 (R + 2.34) 
Rat, (As). = 0.2247 (R — 0.69) and (As), = 0.1837 (R + 3.97) 
All points, (As). = 0.2318 (R — 1.35) and (Ag), = 0.1939 (R + 2.38) 


? The following symbols are used: A, serum or plasma concentrations; D, den- 
sity of urine; Dise, specific gravity of urine, density measured at 20° and referred to 
the density of water at 15°; K, slope of lines, A/R or U/R; N, number of observations; 
n, refractive index; R, instrumental increment of the refractometer (scale reading 
of solution minus the scale reading of water at the same temperature) ; r, coefficient of 
linear correlation; S, script or subscript denoting total solids; S,, standard error of 
estimate; s, subscript denoting gm. per 100 gm. of solution; U, urine concentration; 
v, subscript denoting gm. per 100 ml. of solution; w, subscript denoting gm. per 100 
gm. of water; X, an abscissa value; and Y, an ordinate value. 
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(As), = 0.2242 R 
Rat r = 0.9905 


Sy = 0.145 


| 
a 
8 4 
(As), = 0.2049 R 
r = 0.9856 
6 Sy = 0.149 

0 5 30 35 40 45 50 55 


Fic. 1. Relations and correlations between total solids of serum and instrumen- 
tal increment of refractometer. Points for the (As), curve (gm. per 100 gm. of se- 
rum) are omitted to avoid confusion with those of the (As). curve (gm. per 100 gm. 
of serum water). 


TaBLeE I 


Relations and Correlations between Total Solids of Serum, Ag, and 
Instrumental Increment of Refractometer, R 


S, is the standard error of estimate of As in gm. per cent. 


| Ke 
(As)w, R (As)s, R 
(Ag)w/R | (As)s/R 

r = 0.9918 r = 0.9837 
r = 0.9857 r = 0.9818 

Dog 68 | 0.2252 | 0.2062 S, = 0.177 S, = 0.166 
r = 0.9986 r = 0.9783 

Rat 25 | 0.2205 0.2035 S, = 0.077 | S, = 0.089 
r = 0.9905 | r = 0.9856 
| r = 0.9649 r = 0.9668 

Dogt 144 | 0.2227 | 0.2059 S, = 0.125 | S, = 0.110 


* For lines conditionally fixed at the origin (see the text). 
t Calculated from original data supplied by Dr. E. F. Adolph, personal communi- 
cation. 


The conversion of S,, to S, is exactly given by S, = 100 S,/(100 + S,). 
Table I suggests that this conversion may be slightly more accurate for 
estimating (Ag), because the coefficient of correlation appears to be slightly 
higher between R and (As) 

The relationship of A, to FR is not appreciably changed by varying pH, 
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buffer content, or protein, water, and salt content as follows: (1) pH, 
from 5.82 to 10.22 by adding HC] or NaOH or by removing CO, under 
reduced pressure; (2) buffer, by the addition of NaH,;PO, or NaHCO, 


MAN 
= | “cart 
(Us), = 0.2447 R 
| ~+=0,998) "Tac 
Sy = 0.103 92 o 
(Us), = 0.2406 R & 
r =0,9992 
S =0.14! 2 
0 10 20 30 40 50 60 70 80 


R 
Fic. 2. Relations and correlations between total solids and water of urine and 
instrumental increment of refractometer. (Uy.0), = 100 — (Us),. 


uy “OF MAN 
CAT 
| |MAN: 
(Us), = 212.6 (DiS: - 10000) 
E 12+ r=0.9701 
Sy =0.419 
~ Sy = 0.644 
y 
LOO «1.02 103 104 1.05 106 1,07 


Fic. 3. Relations and correlations between total solids of urine and urinary speci- 
fic gravity. The former was calculated as the product of the (Us), and Djf> values. 


to serum (phosphate was increased 2 to 8 m.eq. per liter; bicarbonate 8 
to 32 m.eq. per liter.); (3) protein, by addition of albumin or globulin to 
serum or serum-saline mixtures. (Ag), of the modified sera ranged from 
2.36 to 17.82 gm. per 100 gm. of water. Albumin-globulin ratios varied 
from 0.13 to 14 in solutions containing 1.77 to 13.9 gm. of protein per 100 
ml. of solution. Water was either added to serum or partly removed by 
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drying in air at 60°. Sodium chloride was added either as dry salt or as 
0.9 per cent solution. 

Urine—Six pairs of relations, correlations, and standard errors of esti- 
mate are given below. The first of each pair (M) derives from 190 samples 
of human urine; the second (T) derives from a total of 233 samples (the 
samples were from twenty-one dogs, twenty-two cats, and the above 190 
human subjects). All equations represent lines of best fit conditionally 
fixed at the origin. 


1M (Us), = 0.2447 R; r = 0.9981; S, = 0.103 gm. % 

1T (Us), = 0.2406 R; r = 0.9992; S, = 0.141 gm. % 

2M (Us). = 0.2578 R; r = 0.9974; S, = 0.131 gm. G% 

2T (Us)e = 0.2708 R; r = 0.9989; S, = 0.198 gm. % 

3M (Us). = 0.2503 R; r = 0.9980; S, = 0.108 gm. % 

3 T (Us), = 0.2507 R; r = 0.9995; S, = 0.123 gm. % 

4M Diss = 0.0011644 R + 1.0000; r = 0.9723; S, = 0.00165 

4T Diss = 0.0009949 R + 1.0000; r = 0.9848; S, = 0.00214 

5M (Us)» = 212.6 (Dis — 1.0000); r = 0.9701; S, = 0.419 gm. % 
5 T (Us). = 245.7 (Di? — 1.0000); r = 0.9850; S, = 0.644 gm. % 
6M (U's). = 639.52 (n — 1.33320); r = 0.9993; S, = 0.062 gm. % 
6T (Us)s = 637.10 (n — 1.33320); r = 0.9998; S, = 0.070 gm. % 


Fig. 2 illustrates equations 1M and IT; Fig. 3, equations 5M and 5T. 

Equations which relate refractive index with other variables may be 
obtained by combining equations 6M or 6T appropriately with other 
equations. Although the high coefficients of linear correlation make 
practical the use of the above equations, the true relations are probably 
slightly curvilinear; no attempt has been made to determine these. It 
should be noted that equations 6M and 6T are the best of all for accurately 
estimating Y from X. 


DISCUSSION 


We have not investigated the contentions of earlier workers as to the 
usefulness of refractometry for the determination of serum protein. How- 
ever, our data do not support the view (6, 9) that the determination of 
total protein should be adversely affected by variations in the albumin- 
globulin ratio. We find that sera modified by the addition of protein and 
saline to encompass a 100-fold range in the albumin-globulin ratio (see 
“Serum” under “Results’””) and pathological human sera selected for a 
wide range of total protein and albumin-globulin ratio have essentially the 
same refractometric coefficient as normal sera. Further, various protein 
fractions in saline (Fig. 4) do not differ appreciably from serum in the 
specific instrumental increment of the refractometer ( = 1/K). 


* Empirically and approximately, D7” = 0.9966 Diie. 
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Therefore, to the degree that non-protein solid is constant in plasma, 
and because it contributes only a small fraction of the refractivity, empiri- 
cal relations between R or n and total protein of serum should prove 
sufficiently accurate for many purposes. As a measure of total solid, and 
thence of water‘ of serum, refractometry is at least as good as gravimetry, 
considering the accuracy, speed, and size of the sample required. 

Refractometry is equally useful as a measure of urinary solids and water, 
and offers an additional advantage in that gravimetry of urine depends upon 
a more elaborate method of drying than does serum. 


a | ALBUMIN (a) 
jo" PURIFIED , : 4 
} 
ait 
Sw =0.2226R 
r=0.9995 | ~ 
a“ S, = 0.098 
y 


Fic. 4. Relation between total solids of solutions of proteins of human serum dis- 
solved in physiological saline and instrumental increment of refractometer. The line 
drawn is that of Fig. 1, derived from observations of 211 human, dog, and rat sera: 
(Ag). = 0.2242 R. The following proteins were used: (a) human albumin, 25 per cent 
solution, prepared from Red Cross plasma by Armour Laboratories, Kankakee, IIli- 
nois, lot No. FP-21; (6) hyperimmune y-globulin, approximately 10 per cent solution, 
Wyeth, Inc., Philadelphia, Pennsylvania; (c) purified protein fractions, dry, pre- 
pared from Red Cross plasma by E. R. Squibb and Sons, New York, lot Nos. 97-RR 
(Fraction II), 782 through 788 (Fraction IV-7), and 1438-J (Fraction V). 


Blohm’s refractometric coefficient (3, 12) for the estimation of urinary 
solids in man is 2.43.5 Our estimate of such a coefficient, derived from 
equation 3M, is 2.50. Blohm’s specific gravity coefficient (‘‘Haeser type’’) . 
relating the second, third, and fourth decimal places of the increment, 
Dig- —1, and urinary solids is 0.218; our estimate, derived from equation 
5M, is 0.213. Blohm’s coefficient and our coefficient are not strictly com- 
parable in a mathematical sense because Blohm simply used the arithmetic 
mean of the individual ratios of total solid to instrumental increment of 


. (Ano). = 100 — (Ag).. 

5’ That is, 2.43 R = gm. perliterof urine. This coefficient is an average based on 63 
protein-free sugar-free human urines dried at room temperature, in a vacuum, over 
concentrated sulfuric acid. 
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the refractometer or specific gravity increment, while our coefficients were 
derived from a least squares regression line. However, by applying our 
method to Blohm’s original data, the yield was 2.44 and 0.217, respec- 
tively; by applying Blohm’s methods to our data for man, the refracto- 
metric and specific gravity coefficients are, respectively, 2.49 and 0.203. 

We thus confirm closely Blohm’s numerical value for the refractometric 
coefficient as well as his view that refractometry is superior to specific 
gravity as a measure of total urinary solids. In many instances in which 
total solid or specific gravity is desired, refractometry will provide an 
accurate and practical measure of these in place of direct determination. 

Possible interferences with refractometric analysis have not been ex- 
haustively evaluated, nor have they been much in evidence in either 
Blohm’s series or our series. The critical boundary may be less sharp 
than that usual in lipemia. However, in only one of our cases, a patient 
with nephrosis, whose lactescent serum contained 7 to 11 per cent total 
lipides, was it impossible to make a reading. Other grossly turbid, slightly 
hemoglobinemic, or jaundiced sera could be read. 

Acetone added to urine increases the R but reduces the (Us), value. 
Each volume per cent of added acetone raises the apparent total solids 
(i.e., KR) about 0.3 gm. per cent. It is interesting to note that a solution 
of NH; has a positive R value which varies with the concentration of the 
dissolved gas, but its S is zero and its Dj§ is less than 1. Possibly “free” 
ammonia in urine under unusual conditions would lessen the accuracy of a 
refractometric determination of total solids. 

The validity of refractometric coefficients for total solids has not been 
tested with highly abnormal urines, as in certain pathological cases. More- 
over, in the latter days of the prolonged fast of Benedict’s (13) subject, it 
was found that the specific gravity coefficient for total solids was ‘‘con- 
siderably larger than that accepted for normal people... probably ex- 
plained by the fact that there were products of defective fat katabolism 
in the urine.” The refractometric coefficient might conceivably be modi- 
fied appreciably also, under these circumstances, although it generally 
tends to vary less than that for specific gravity (compare Figs. 2 and 3). 
However, where glucose, urea, or sodium chloride was added to dilute and 
concentrated urines in amounts up to 10, 10, and 3 per cent, respectively, 
the refractometric coefficient remained essentially the same. 

Application of refractometry is sometimes hampered by relative costli- 
ness of instruments and the inconveniences which attend temperature 
regulation. Relatively inexpensive, temperature-compensated hand re- 
fractometers (14), adaptable to various ranges of refractive index and cali- 
brated in suitable units, may be expected to stimulate the employment of 
this method in new areas, 
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SUMMARY 


Analysis of total solids and water content of serum and urine by refractom- 
etry is shown to be accurate, precise, and rapid. Refractometric coeffi- 
cients for total solid of serum (man, dog, rat) and urine (man, dog, cat) 
and specific gravity coefficients for urine are presented. 
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Taurine is present and in varying concentration in all the organs of the 
rat and other animals thus far examined (1). Some organs, such as the 
heart, contain large amounts of free taurine in comparison with that found 
in the liver, where taurine is formed. This ability of the heart to concen- 
trate taurine against a great concentration gradient poses an interesting 
problem which needs elucidation. There is no absolute proof that taurine 
is not formed in the heart, but all the evidence is against such an event. 
It is known that taurine is formed from cysteine after oxidation to cysteine 
sulfinic acid, and this in turn is decarboxylated to form 2-aminoethane- 
sulfinic acid. All these steps have been demonstrated experimentally 
(2-5). The oxidation of 2-aminoethanesulfinic acid has been now demon- 
strated by Eldjarn and Sverdrup (6). There is little doubt that the heart 
concentrates free taurine either by rapid absorption from the blood or by 
slow release into the blood. Experiments were designed to find out which 
of these two processes prevails. The results show that free taurine is 
slowly absorbed from the blood by the heart; however, the absorbed tau- 
rine remains in the heart for long periods of time. The term “free tau- 
rine” is used here to describe that portion of taurine which is extractable 
by 80 per cent ethanol from a broken cell suspension. It is probable that 
this taurine is bound, but, until the nature of the bond is determined, we 
shall continue to use the term, free taurine. 


Methods 


Taurine-S** was prepared from $-bromoethylamine hydrobromide (7) 
and sodium sulfite-S**. The crude product was purified by chromatog- 
raphy on a column of Dowex 50 in the H+ form; the specific activity of the 
pure product was of the order of 0.5 ue. per mg. Cystine-S* was obtained 
from the Abbott Laboratories and used as the hydrochloride. Rats of the 
Sprague-Dawley strain, weighing between 200 and 300 gm., were used 
in all the experiments described, and the injection of taurine or cystine 


* This work was supported by grants from the Robert A. Welch Foundation, Hous- 
ton, and the National Cancer Institute, National Institutes of Health (Grant C- 
1831-C3). 
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was made in the tail vein while the animals were under light ether anes- 
thesia. In all cases, the volume of solution injected was 0.5 ml. The 
rats were killed by decapitation; blood was allowed to drain, the tissues 
were excised, and pieces weighing about 1 gm. were frozen immediately on 
dry ice. Extracts of the tissues, made by a previously described method 
(8), were used for taurine analysis. When taurine was the injected sub- 
stance, the analysis was carried out by chromatography of the extract on a 
column of Dowex 50 in the H+ form, as described recently (1). The radio- 
activity in the extract was determined. When cystine was injected, the 
organ extract was analyzed by paper chromatography. One-dimensional 
chromatography with 2 ,4-lutidine-water as solvent allows good separation 
of taurine from other sulfur-containing compounds. With use of guides, 


TaBLe I 
Absorption of Injected Taurine-S** by Male Rat Organs 
The values are in counts per minute X 1000 per gm. of fresh tissue and are the 
averages from two animals. 


Time Liver Kidney Heart Spleen Muscle Intestine 
min. 
15 35.0 790.9 24.8 113.0 9.1 17.7 
30 53.6 423.0 25.7 139.5 6.4 101.6 
60 90.5 425.3 32.7 159.4 9.3 93.9 
120 ' 90.0 113.3 39.4 134.4 9.0 97.2 
240 25.4 93.0 60.1 126.9 13.2 102.6 


the area of the paper containing the taurine fraction was cut out. The 
taurine was then eluted with 50 per cent ethanol directly into the planchets. 
By this method, taurine is separated from sulfate, whereas on the Dowex 
column the separation failed. Confirmation of the fact that all the radio- 
activity measured was confined to taurine was obtained by paper chroma- 


tography. 
Results 


Experiments with Taurine-S**—A short term experiment was performed 
with five pairs of rats. To each rat were given intravenously 5 uc. of 
taurine-S**, The rats were killed at various time intervals from 15 to 240 
minutes and the amount of taurine absorbed from the blood by several 
organs is shown in Table I. The kidney absorbs taurine from the blood, 
as one would have anticipated, at a faster rate than any of the other organs 
studied. The maximum appears 15 minutes after the injection and then 
the concentration begins to decrease. In the liver the situation is differ- 
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ent; the maximal concentration of taurine-S* is observed between 60 and 
120 minutes and then falls off. In this organ there is the complication 
which arises from the fact that taurine combines to form taurine bile 
salts. In the heart, the concentration of taurine-S* increases slowly; 
there is no discernible maximum in this period of time as in the liver, 
This is also true for skeletal muscle and spleen. The small intestine, like 
the liver, attains a maximal concentration of taurine-S* between 30 and 


TaBLeE II 


Concentration of Taurine-S** after Injection of Cystine-S** 
The values are in counts per minute X 1000 per gm. of fresh tissue and are the 
results of single animal experiments. 


Time Liver | Kidney | Heart | Spleen | Muscle | Intestine Brain | Testis 
Males 
days 
2 4.0 56.2 100.3 121.7 32.4 94.9 15.7 13.7 
4 2.6 31.5 126.6 81.0 36.9 49.2 16.1 5.4 
6 2.4 29.7 81.8 56.3 28.3 36.7 12.8 8.3 
8 3.8 25.8 100.5 61.3 30.7 26.0 9.3 3.4 
10 1.6 30.8 | 122.5 47.2 33.5 25.6 16.8 2.9 
12 2.5 13.3 76.3 | 30.7 386 | 163 | 116 | 27 
Females 
Uterus 
2 12.7 99.5 102.4 112.5 28.8 89.4 23.4 45.1 
4 5.9 53.1 121.8 93.0 32.1 84.2 26.0 23.6 
6 7.5 50.0 131.5 74.9 40.0 50.1 15.3 40.8 
8 4.0 40.5 129.7 83.2 56.6 42.2 14.1 29.5 
10 6.3 27.7 134.0 54.7 28.5 24.4 16.8 14.8 
12 1.6 27.8 144.1 50.9 45.7 25.6 16.6 12.0 


60 minutes, but, unlike the liver, it maintains this concentration maximum 
after 4 hours. 

A second experiment was carried out to study changes which occur at 
longer time intervals. Five pairs of rats were treated as indicated and 
each was given 25 ue. of taurine-S*®*. The animals, which were fed Purina 
fox chow during the course of the experiment, were killed at various time 
intervals ranging from 1 to 7 days. The results obtained have been plotted 
in Fig. 1. Each organ retains the injected taurine-S* to a different degree. 
The concentration in the liver is low and constant throughout the period 
of study. In the kidney the decline in concentration continues until it 
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attains a minimal level at the end of 3 days. A similar situation occurs 
in the small intestine and in the spleen. In both heart and skeletal muscle, 
the concentration of taurine-S* increases gradually until it reaches a maxi- 
mum. This maximum is attained at the end of the 2nd day in skeletal 
muscle and at the end of the 3rd day in the heart. At the end of the 7th 
day, the concentration of taurine-S* in these organs is only slightly lower 
than the maximum. 

Experiments with Cystine-S**—A solution of cystine-S* hydrochloride 
was prepared. To each of six male rats and to each of six female rats were 
given intravenously 50 uc. of cystine-S** (specific activity, 13.7 ue. per 
mg.). One pair, male and female, was killed every 2 days. Analyses for 
radioactive taurine were performed, as described before, on liver, kidney, 
heart, spleen, skeletal muscle (gastrocnemius), brain, small intestine, 
uterus, and testis. The results obtained are shown in Table II. Taurine 
is clearly formed and then absorbed from the blood by the organs. The 
pattern of absorption is similar to that following the injection of taurine 
itself. At the end of 12 days, the heart contains the highest amount of 
taurine-S**, In the skeletal muscle the concentration of taurine-S* re- 
mains more or less the same. There is a marked difference in the concen- 
tration of taurine-S** between the organs of male and female rats; this 
difference has been noted before (1, 9). 


DISCUSSION 


The fate of ingested taurine was studied by Schmidt and collaborators 
(10, 11). From their results it is apparent that taurine is not utilized. 
However, by use of labeled taurine, it has been possible to show that this 
compound is retained by the tissues to a certain extent (12-14). Apart 
from the fact that some taurine is used in the formation of bile salts, 
nothing more is known about this compound. Our results show that 
taurine is absorbed by the tissues and retained for relatively long periods of 
time by some organs. The heart, for example, concentrates injected tau- 
rine at a much slower rate than does the liver or kidney. Yet, at the end 
of a few days, the heart has the highest amount of labeled taurine. This 
could be explained on the basis of retention. The taurine present ordi- 
narily in the heart must be very slowly replaced by dietary taurine or tau- 
rine formed from sulfur amino acids. This slow exchange of taurine in 
organs rich in muscle tissue could explain the fact that taurine is present in 
concentrations that are difficult to alter (1). It is possible that the taurine 
excreted in the urine bears little relationship to the taurine present in the 
tissues. The level of taurine in the urine probably depends upon the 
amount of sulfur amino acids (including taurine) in the diet, whereas that 
of the tissues is probably independent of the diet. Experiments carried 
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out here have demonstrated that it is difficult, if not impossible, to change 
the concentration of taurine in the tissues. Feeding cholic acid had no 
effect on the taurine concentration of tissues (15). We are now studying 
the manner by which taurine is retained by organs. 


SUMMARY 


1. Injected taurine-S* is absorbed from the blood by all the organs 
studied, but at different rates. In the first 15 minutes concentrations of 
taurine-S* were found to be as follows: kidney > spleen > liver > heart > 
intestine > muscle. 

2. The concentration of taurine-S**, 7 days after injection, was found to 
be as follows: heart > spleen > muscle > intestine > kidney > liver. 

3. After the injection of cystine-S*, taurine-S** was found in all the 
organs studied. At the end of 12 days, the taurine-S** concentration was 
as follows: heart > muscle > spleen > intestine > kidney > brain > 
testis > liver. Similar results were found in male and in female rats, 
except spleen > muscle and kidney > intestine. 
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With microorganisms, many examples of specific induction and some in- 
stances of specific depression of enzymes or enzyme activity levels have 
been observed (1). Variation in enzyme activity levels, however, is not 
limited to microorganisms, and a variety of enzymatic activities in liver 
and other organs has been increased or depressed by subjection of animals 
to various stresses, including drugs, changes in temperature and oxygen 
concentration, fasting, and infectious diseases (2). Furthermore, increases 
in certain liver activity levels have been observed with whole animals (3-5) 
and with the perfused organ (6) after injection of substrates or hormones. 

The problem of enzyme level control mechanisms, however, has thus far 
been most fruitfully pursued with microbes, inasmuch as microbial systems 
are comprised of one type of cell and are more readily amenable to envi- 
ronmental manipulation and kinetic analysis. To study the problem with 
a mammalian system which affords the advantages of a microbial one, tissue 
culture was used. To insure that the cells were all exposed to the same 
environment, they were grown in suspension. 

In the course of a survey on the influence of various compounds on the 
enzyme activity levels of the tissue culture cells, it was observed that growth 
in the presence of DPN! led to a specific disappearance of DPNase activity. 
To gain insight into the mechanism of the disappearance, kinetic analyses 
were made with the cells, and studies were carried out on cell-free prepara- 
tions. The evidence obtained suggests that the depression of the activity 
results from the formation of stable, inactive, enzyme-nicotinamide deriv- 
ative complexes. 

The purpose of this report is to present the evidence for the specific de- 


* This investigation was supported by a research grant from the National Insti- 
tutes of Health, United States Public Health Service. 

t Present address, Department of Microbiology, University of Pittsburgh School 
of Medicine, Pittsburgh, Pennsylvania. 

'The following abbreviations are used: diphosphopyridine nucleotide, DPN; 
nicotinamide mononucleotide, NMN; nicotinamide riboside, NR; adenosine diphos- 
phate ribose, ADPR. 
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pression of DPNase activity in the tissue culture cells and for the mecha. 
nism of the depression. 


Materials and Methods 


Materials—The tissue culture used was kindly supplied by Dr. L. Simino- 
vitch, and was derived from the single cell line of mouse fibroblasts (strain 
L) isolated by Sanford, Earle, and Likely (7). The growth medium con- 
tained the amino acids, inorganic salts, glucose, and antibiotics suggested 
by Healy, Fisher, and Parker (8) and the vitamin mixture of Eagle (9). 
The medium was sterilized by passage through a millipore filter, and sterile, 
dialyzed horse serum was added to a concentration of 10 per cent immedi- 
ately before inoculation. 

DPN, reduced DPN, triphosphopyridine nucleotide, and cytochrome ¢ 
were obtained from the Sigma Chemical Company. ADPR, the 3-acetyl- 
pyridine and the pyridine-3-aldehyde analogues of DPN (10), and the a 
isomer of DPN (11) were generously supplied by Dr. N. O. Kaplan. 

Inorganic sodium tripolyphosphate was a product of the Blockson Chem- 
ical Company. 

NMN was prepared from DPN with nucleotide pyrophosphatase (12). 
When the reaction was complete, adenosine-5’-phosphate was converted 
to inosine-5’-phosphate with adenylate deaminase (13), and the NMN 
was obtained free from purine nucleotide by anion exchange chroma- 
tography. NMWN was identified by its ion exchange chromatographic 
properties and by the molar ratios of N-substituted nicotinamide (cy- 
anide complex formation (14)), pentose, and 5’-nucleotidase (15)-hy- 
drolyzable phosphate of 1.00:0.98: 1.02. 

NR was prepared from NMN by the action of 5’-nucleotidase. When 
inorganic phosphate liberation was complete, the enzyme was destroyed 
with heat, and the preparation was used without further purification. 

Crystalline yeast alcohol dehydrogenase was a product of the Worthing- 
ton Biochemical Corporation. Pancreatic lipase? (2.1 mg. of protein per 
ml.) was partially purified from steapsin (Nutritional Biochemicals Corpo- 
ration) according to the procedure of Willstaétter and Waldschmidt-Leitz 
(16). 

Spinco-sedimented material was obtained from extracts of the fibroblasts 
prepared by sonic oscillation of cell suspensions in 0.25 m sucrose. The 
freshly prepared extract was centrifuged at about 5000 X g for 10 minutes 
(International refrigerated centrifuge), and the residue was discarded. The 
supernatant material (diluted with 1 or more volumes of glycine buffer 
(0.025 m, pH 8.0)) was centrifuged at 105,000 x g for 2 hours (Spinco model 
L preparative ultracentrifuge), and sedimented material, hereafter referred 


2 Generously supplied by Dr. S. F. Velick and Dr. P. Strittmatter. 
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to as Spinco sediment, was resuspended in glycine buffer (0.025 m, pH 8.0). 
With some preparations the sediment was washed by a second centrifuga- 
tion in the ultracentrifuge. 

Extracts of mouse spleen and kidney were prepared (3°) in a glass Potter- 
Elvehjem homogenizer in volumes of glycine buffer (0.025 m, pH 8.0) 4 and 
2 times the weight of the organ, respectively. Residues obtained by cen- 
trifugation at about 4000 X g for 5 minutes were discarded. Calf spleen 
and kidney extracts were prepared by homogenization for 2 minutes in a 
Waring blendor in volumes of the glycine buffer 3 times the weight of the 
tissue and were centrifuged in the manner described for the mouse homog- 
enates. 

Culture and Preparation of Cell-Free Extracts—The fibroblasts were grown 
in suspension at 36° in 150 ml. portions of medium in glass, round bottomed, 
250 ml. centrifuge bottles fitted with silicone stoppers. To prevent the 
cells from settling out and adhering to the glass, the bottles were incubated 
horizontally in a drum revolving at 42 r._p.m.* Growth was followed by 
estimating cell numbers with Petroff-Hausser counting chambers in aliquots 
removed at 24 hour intervals. When approximately 1 X< 10° cells per ml. 
were present, they were collected by centrifugation at room temperature 
and were washed three times with 5 to 10 ml. portions of a solution (37°) 
of 0.13 m NaCl containing 0.02 m glycine buffer (pH 8.0). The washed 
cells were suspended in 0.25 m sucrose (2 ml. per 150 ml. of culture), and 
cell-free extracts were prepared by sonic vibration of the suspensions (2 to 
5 ml. in plastic tubes) for 3 minutes in an ice water-cooled Raytheon 10 ke. 
oscillator, followed by centrifugation at 0° for 10 minutes at about 70 X g 
(International centrifuge, No. 2). 

Determinations—Spectrophotometric measurements were made in the 
Beckman DU spectrophotometer. DPN was measured spectrophotomet- 
rically (340 my) with alcohol dehydrogenase (17). N-substituted nico- 
tinamide was estimated spectrophotometrically (325 my) with KCN (14). 
Orthophosphate was determined by the method of Fiske and Subbarow 
(18); total phosphate was measured as orthophosphate after being ashed 
inan H.SO,-HNO; mixture. Pentose wasestimated by the method of Mej- 
baum (19) and protein by the procedure of Lowry et al. (20). 

Enzyme Assays—Under the conditions of each assay, the reaction rate 
was proportional to the amount of enzyme preparation. In addition, the 
reaction rates were constant with time for at least the incubation periods 
of the assays. 

A unit of enzyme is defined as the amount causing the removal of 1 umole 
of a substrate, or yielding 1 umole of a product, per hour, and specific ac- 
tivity is expressed as units per mg. of protein. 


*Siminovitch, L., Graham, A. F., Lealey, 8. N., and Nevill, A., in manuscript. 
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DPNase—The assay mixtures (1.0 ml.) contained 0.1 ml. of sodium ace- 
tate buffer (1 m, pH 5.8), 0.2 ml. of DPN (0.002 m), and the enzyme prep- 
aration (0.06 to 0.25 unit). A control mixture without the enzyme prep- 
aration was also prepared. After 30 minutes at 37°, the mixtures were 
heated in a boiling water bath for 45 seconds, cooled immediately, and 
centrifuged. DPN was measured spectrophotometrically (340 my) in re- 
action mixtures (1.0 ml.) containing 0.1 ml. of glycine buffer (1 m, pH 8.5), 
0.1 ml. of 95 per cent ethanol, 0.5 ml. of the test supernatant fluids, and 
0.01 ml. of alcohol dehydrogenase (3 mg. of protein per ml.). The reac- 
tions were followed (10 to 15 minutes) until no further increase in optical 
density occurred, and DPN cleavage was estimated by comparison with 
the control mixture. 

DPN Cytochrome c Reductase—The reaction mixtures (1.0 ml.) contained 
0.1 ml. of glycine buffer (1 mM, pH 8.5), 0.03 ml. of cytochrome c (1 per cent), 
0.02 ml. of reduced DPN (0.01 m), and the enzyme preparation (0.1 to 0.5 
unit). The oxidation of reduced DPN was measured (10 minutes) by the 
decrease in optical density at 340 mu. 

Adenosine Deaminase—The test mixtures (1.0 m].) contained 0.05 ml. of 
glycine buffer (1 m, pH 8.0), 0.3 ml. of adenosine (0.001 m), and the enzyme 
preparation (0.1 to 0.4 unit). After 30 minutes at 37°, 0.5 ml. of perchlo- 
ric acid (7 per cent) was added, and insoluble material was removed by 
centrifugation. The deamination of adenosine was measured by the de- 
crease in optical density at 275 my, determined by comparison with a con- 
trol mixture to which one omitted component (adenosine or enzyme prep- 
aration) was added after the perchloric acid. The millimolar extinction 
decrease accompanying the deamination of adenosine was taken to be 2.8. 

Glucose-6-phosphate Dehydrogenase—The reaction mixtures (1.0 ml.) con- 
tained 0.1 ml. of glycine buffer (1 m, pH 8.0), 0.05 ml. of MgCl, (0.1 m), 
0.03 ml. of triphosphopyridine nucleotide (0.01 m), 0.02 ml. of glucose-6- 
phosphate (0.1 m), and the enzyme preparation (0.1 to 0.5 unit). Control 
mixtures without glucose-6-phosphate were also prepared. The oxidation 
of glucose-6-phosphate was measured for 10 minutes by the increase in op- 
tical density at 340 my, correcting for the slight increase in the control (less 
than 0.001 optical density unit per minute). 

Lactic Dehydrogenase—The assay mixtures (1.0 ml.) contained 0.1 ml. of 
glycylglycine buffer (0.5 m, pH 7.4), 0.02 ml. of reduced DPN (0.01 m), 
0.05 ml. of lithium pyruvate (0.1 m), and the enzyme preparation (0.1 to 
0.5 unit). Lactate formation was estimated by the decrease in optical 
density at 340 my during a 10 minute period. In the absence of pyruvate, 
no change in optical absorption occurred. 

Inorganic Pyrophosphatase—The test mixtures (1.0 ml.) contained 0.1 ml. 
of glycylglycine buffer (0.5 m, pH 7.4), 0.05 ml. of MgCl, (0.1 m), 0.2 ml. 
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of inorganic pyrophosphate (0.01 m), and the enzyme preparation (0.25 to 
| unit). After 30 minutes at 37°, 0.5 ml. of perchloric acid (3.5 per cent) 
was added, and insoluble material was discarded by centrifugation. Ortho- 
phosphate liberation was estimated with | ml. aliquots and corrected for 
the amounts present in control mixtures which received the enzyme prep- 
arations after the perchloric acid. 


Results 
Specific Depression of DPNase Activity 


Enzyme Activity Levels in Cells Grown with DPN—To study the effect of 
DPN on various enzyme activities, cells were grown with no added DPN 


TaBLe 
Enzyme Activity Levels in Cells Grown with DPN 


The preparation of extracts and assay procedures were described under ‘‘Ma- 
terials and methods.’’ 


Extract No.* 
Enzyme 

I (0) II (0.019) | III (0.037) | IV (0.073) 
DPN cytochrome c reductase.............| 25.2 23.4 24.0 21.6 
Adenosine deaminase . 11.6 11.4 11.8 
Glucose-6-phosphate dehydrogenase” DBS | 21.0 21.0 
Lactic dehydrogenase. . | 338 319 314 
Inorganic pyrophosphatase. 88.6 (90.4 93.0 | 90.0 


* The numbers in parentheses refer to the DPN (micromole per ml.) added to the 
culture medium. The protein content per ml. was 4.0, 4.0, 4.1, and 3.9 mg. for Ex- 
tracts I to IV, respectively. 


and with different amounts of the compound. The cultures (150 ml.) were 
inoculated to approximately 150,000 cells per ml. Growth was exponential 
in all the cultures with generation times of 27 to 28 hours, and they were 
harvested when about 1 X 10° cells per ml. were present. While the pro- 
tein content and the levels of several enzyme activities were essentially the 
same in all the extracts, DPNase activity decreased with increasing amounts 
of added DPN. As shown in Table I, the extract prepared from cells 
grown with the largest amount of DPN (0.073 umole per ml.) possessed 
no detectable DPNase activity. 

Lowered activity in extracts prepared from cells grown with DPN was 
not due to its presence in the extracts. Thus, Extract IV (Table I) con- 
tained less than 0.02 ymole of DPN per ml. In addition, the presence of 
the inactive extract (Extract IV) did not inhibit the DPNase activity of 
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the active one (Extract I, Table I). Thus, with 0.1 ml. of Extract I and 
with a mixture of 0.1 ml. each of Extracts I and IV, 0.17 and 0.16 units of 
DPNase were found, respectively. 

Sedimentability of Enzyme Activities Studied—To determine whether some 
of the activities studied are associated with particulate cell fractions, a 
freshly prepared extract of cells grown in the absence of added DPN was 
subjected to fractional centrifugation (Table I1). DPNase and DPN ecy- 
tochrome c reductase were found mainly in the Spinco-sedimentable frac- 


Taste II 
Sedimentability of Some Activities Studied 

2.5 ml. of a freshly prepared extract were centrifuged at 5000 X g for 10 minutes 
(International refrigerated centrifuge), and the sediment was washed with 2 ml. of 
a solution of sucrose (0.25 m) (low speed sediment). The supernatant fluids were 
combined and centrifuged for 2 hours at 125,000 X g (Spinco model L preparative 
ultracentrifuge) to yield the Spinco supernatant fluid and pellet. Sedimented ma- 
terials were resuspended in glycine buffer (0.025 m, pH 8.0). 96 per cent of the 
protein of the extract was recovered with the following distribution (per cent) : low 
speed sediment, 14.2; Spinco supernatant fluid, 37.6; and Spinco pellet, 48.2. 


Per cent recovered activity 


Enzyme over-all 
Low speed Spinco Spinco recovery 
sediment (supernatant pellet 
DPN cytochrome c reductase.............|_ 13.7 4.3 82.0 73 
Adenosine deaminase..................... 0.3 92.3 7.4 104 
Glucose-6-phosphate dehydrogenase... .. 82.0 18.0 102 
Lactic dehydrogenase...................... 0.8 76.0 23.2 119 
Inorganic pyrophosphatase.................|_ 9.6 81.7 8.7 | 99 


tion, whereas the other activities were present mainly in the supernatant 
fluid. 

Stoichiometry of DPN Cleavage—To determine the nature of the DPN 
cleavage, the stoichiometry of the reaction was studied with the Spinco 
sediment. The disappearance of 10.3 uwmoles of DPN was accompanied 
by the appearance of 10.3 uwmoles of ADPR and 10.2 umoles of nicotina- 
mide. ADPR, estimated spectrophotometrically at 260 my, was isolated 
by anion exchange chromatography and was identified by its absorption 
spectrum (peak at 257 my, Azso/Az0 = 0.85; Azs0/Azeo = 0.22, at pH 2) and 
by the molar ratios of adenine, pentose, and total phosphorus of 1.00: 1.99:- 
2.01. Nicotinamide was measured by the colorimetric cyanogen bromide 
method of Perlzweig (21). 

Kinetics of Disappearance and Reappearance of DP Nase Activity in Cells— 


Per cent 
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The rate of depression of the activity was measured by removing aliquots 
at various times from a culture which had been made 1 X 10-4 m with re- 
spect to DPN. As shown in Fig. 1, little or no DP Nase activity was found 


re) 


DPN 


DPNease (UNITS PER MG. PROTEIN) 


0.0 
© 2 40 80 
TIME IN MINUTES GENERATIONS OF CELLS 

Fic. 1. The rate of disappearance and reappearance of DPNase activity in cells. 
To 350 ml. of a culture containing approximately 1 X 10* cells per ml. was added 0.8 
ml. of DPN (0.044 mM), and the culture was incubated at 37°. To study the disap- 
pearance of the activity, 30 ml. aliquots were removed at the times indicated, and 
the cells were immediately washed and disrupted. To study the reappearance of 
the activity, after 100 minutes, DPN was removed by washing the cells with three 
15 ml. portions of sterile growth medium. The washed cells were resuspended in 
40 ml. of medium, and 4.5 ml. aliquots were inoculated into each of four 100 ml. 
batches of fresh medium (98,000 cells per ml.). The remaining washed cells were 
further washed with NaCl-glycine solution and they were disrupted (zero genera- 
tions, no DPN). The first culture was harvested at 28 hours (1.76 « 10° cells per 
ml.), the second at 53 hours (3.52 X 105 cells per ml.), the third at 76 hours (6.55 x 
10° cells per ml.), and the last at 100 hours (1.1 XK 10* cells per ml.). Extracts were 
prepared and assayed for DPNase activity and protein as described under ‘‘Materials 
and methods.’’ The broken line represents a theoretical curve calculated on the 
assumption that the increase in DPNase activity occurred at the same rate as that 
in untreated cells. 


in extracts of cells which had been incubated with DPN for 45 minutes or 
longer. 

Contrary to the rapid rate of its disappearance, the reappearance of the 
activity in cells washed and inoculated into fresh medium containing no 
DPN occurred gradually over a period of several days and was marked by 
an initial lag period (Fig. 1). For comparison, Fig. 1 also shows a theoret- 
ical curve (broken line), calculated on the assumption that the increase in 
DPNase activity occurred at the same rate as that in untreated cells. 
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Effect of Various Amounts of DPN, NMN, and NR with Cells—Like DPN, 
NMN and NR were capable of causing a rapid disappearance of DPNase 
activity (Fig. 2). In fact, the amount of DPN (1.15 & 10-5 M) required 
to produce a 50 per cent depression of the activity in 100 minutes was ap- 
proximately twice that of NMN and NR (each 5 X 10-*m). On the other 
hand, nicotinamide (2 X 10-* m), ADPR, adenosine-5’-phosphate, and 
cytidine (each 1 X 10-* m), sodium acetate (5 X 10-* m), and ethanol 
(2 X 10° m) caused no decrease in DPNase activity. The DPN ana- 


8 
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Fig. 2. Effect of various amounts of DPN, NMN, and NR on DPNase activity of 
cells. To 25 ml. aliquots of a culture distributed in test tubes (approximately 1 X 
10° cells per ml.) were added the indicated amounts of the test compounds. The 
tubes, fitted with silicone stoppers, were incubated in a 37° water bath, and the cells 
were kept in suspension by inverting the tubes at regular intervals. After 100 min- 
utes, extracts were prepared and DPNase activity was estimated as described under 
“Materials and methods.”” NR; @, NMN; 0, DPN. 


logues tested were only slightly inhibitory; the 3-acetylpyridine and the 
pyridine-3-aldehyde analogues of DPN (each 3 X 10-*° M) caused only a 
12.7 and 8.6 per cent depression, respectively. 

DPN Uptake by Cells—To test for its upiake by cells, DPN was added 
to a culture and aliquots were removed at various intervals. After the 
cells were discarded by centrifugation, the disappearance of DPN from the 
culture supernatant fluids was estimated with alcohol dehydrogenase (Fig. 
3). An initial rapid uptake of DPN occurred, followed by a gradually de- 
clining rate. As shown in Fig. 3, essentially no further DPN disappearance 
was observed after the culture medium was freed from cells.‘ 


‘ The possibility that DPN cleavage occurred in the cell membrane and that the 
cleavage products, not DPN, entered the cell was not ruled out. 
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Mechanism of DPNase Depression 


Effect of pH on Time Curve of DPNase Activity—Although the rate of 
DPN cleavage by the Spinco sediment, and the cell-free extract as well, 
was almost linear with time under the conditions of the standard assay 
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Fic. 3. DPN uptake by cells. To 50 ml. of a culture (approximately 1 x 10¢ 
cells per ml.) at 37° were added 1.1 ml. of DPN (0.0044 m). 6 ml. aliquots of culture 
were withdrawn at the times indicated and, after removing the cells by centrifuga- 
tion, 0.5 ml. aliquots of the supernatant solutions were assayed for DPN with alcohol 
dehydrogenase. Two of the supernatant solutions were further incubated at 37° 
(no cells), and DPN was estimated at the indicated times. 

Fic. 4. Effect of pH on time curve of DPNase activity. The reaction mixtures 
(6.5 ml.) contained 1.3 ml. of DPN (0.002 m) and 0.65 ml. of sodium acetate buffer 
(1m, pH 5.8) or glycine buffer (1 m, pH 8.0). In addition, the mixture with acetate 
buffer received 1.20 units of a preparation of Spinco sediment, the one with glycine 
buffer, 2.46 units of the same preparation. At the times indicated, 0.8 ml. was re- 
moved, heated in a boiling water bath for 45 seconds, and cooled immediately. 0.5 
ml. aliquots were used for the estimation of DPN with alcohol dehydrogenase. The 
results obtained at the lower pH were corrected to correspond to the amount of en- 
zyme preparation used at the higher pH. 


(pH 5.8), when the reaction was carried out at pH 7.5, a rapid reduction 
in rate occurred with time (Fig. 4). The depression was not due to insta- 
bility of the enzyme at the higher pH because little or no decrease in activity 
occurred in the absence of DPN. 

Effect of Preincubation of Cell-Free Preparation with DPN—Because the 
rapid decline in reaction rate suggested an inhibitory action by DPN at 
pH 7.5, the effect of preincubation of the Spinco sediment with DPN at 
this pH was investigated. By repeated precipitation with ammonium 
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sulfate, the particulate preparation was completely freed from alcohol de- 
hydrogenase-assayable DPN. The inhibitory effect of preincubation with 
DPN as a function of time is shown in Fig. 5, from which it may be seen 
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Fic. 5. Effect of preincubation of cell-free preparation with DPN. Each of six 
reaction mixtures (0.3 ml.) contained 0.05 ml. of glycine buffer (1 m, pH 8.0), 0.05 ml. 
of DPN (0.0044 m), and 0.53 unit of DPNase (Spinco sediment). After incubation 
(37°) for the times indicated, the activity was precipitated by the addition of 2 ml. 
of a saturated solution of ammonium sulfate (3°), the supernatant solution was dis- 
carded by centrifugation (0°), and the residue was suspended in 0.6 ml. of ice-cold 
water. The procedure was repeated, and this time the precipitate was suspended 
in glycine buffer (0.025 m, pH 8.0) to a volume of 1.0 ml. DPNase activity was de- 
termined according to the standard assay procedure with 0.65 ml. of the washed sedi- 
ment. A control mixture which received no DPN was incubated for 80 minutes (37°) 
and then treated as described for the experimental mixtures. 

Fic. 6. Effect of preincubation of cell-free preparation with various amounts of 
DPN, NMN, and NR. The preincubation mixtures (0.3 ml.) contained 0.05 ml. of 
glycine buffer (1 m, pH 8.0), 0.46 unit of DPNase (Spinco sediment), and the indi- 
cated amounts of a nicotinamide derivative. After 20 minutes at 37° the mixtures 
were cooled, the sediments were washed with ammonium sulfate, and the DPNase 
activities were estimated as those described for Fig. 5. 


that less than 20 per cent of the activity was recovered after incubation 
for 80 minutes with DPN, while with no added DPN little decrease oc- 
curred. 

Effect on Activity of Cell-Free Preparation of Various Amounts of DPN, 
NMN, and NR—The DPNase activities of the Spinco sediment after pre- 
incubation with various amounts of the nicotinamide derivatives are shown 
in Fig. 6. Exposure to only 4 X 10-° m NR led to a maximal depression 
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(about 60 per cent), whereas approximately 2.5 and 6 times as much NMN 
and DPN, respectively, were required to achieve the same effect. The 
a isomer of DPN had essentially the same inhibitory effect as that of DPN 
at lower concentrations, but was much less effective at higher ones. Thus, 
with 6.0, 10, 21, and 31 K 10-5 mM a-DPN, the disappearance of DPNase 
was 18.5, 26.5, 36.5, and 38.0 per cent, respectively, while in the same ex- 
periment exposure to 5.5, 11,22, and 33 X m DPN yielded decreases of 
17.3, 28.5, 53.1, and 73.4 per cent, respectively. 

The greater activities of NR and NMN suggested that DPN becomes 
effective only after cleavage to nicotinamide riboside or nucleotide. To 
determine whether these conversions occur, a reaction mixture (2.0 ml.) 
was prepared containing 100 umoles of glycine buffer (pH 8.0), 3.3 uwmoles 
of DPN, and 2.9 units of DPNase (Spinco sediment). After 60 minutes 
at 37°, the reaction mixture was cooled and chromatographed on a column 
of Dowex 1, chloride form (2 per cent cross-linked, height 1.5 cm., diameter 
1 cm.), at 3°. Elution was with 0.01 Nn HCl. Fractions collected before 
DPN was eluted from the column (detected with alcohol dehydrogenase) 
were examined for NR and NMN by the spectrophotometric cyanide 
method (14). Less than 0.006 umole of N-substituted nicotinamide was 
detected, an amount far below that required to explain the inhibitory effect 
of DPN in terms of prior cleavage to NMN or NR. 

Similarly, when 0.6 unit of DPNase (Spinco sediment) was incubated 
with 0.38 umole of NMN for 60 minutes (37°), orthophosphate determina- 
tions failed to reveal any hydrolysis to NR. 

Preincubation with the following compounds yielded recoveries of DPN- 
ase activity 95 to 100 per cent of the control with no DPN: nicotinamide 
(2.5 X 10-* m), ADPR (5 X 10-* m), adenosine, adenosine-5’-phosphate, 
the 3-acetylpyridine analogue of DPN (each 5 X 10‘ Mm), and sodium ace- — 
tate (0.16 m). With the pyridine-3-aldehyde analogue of DPN (5 x 10-4 
M), a slight decrease in activity (14 per cent) was found after preincuba- 
tion. 

Exposure to DPN at the pH of the standard assay (pH 5.8) resulted in a 
much greater recovery of DPNase activity (89 per cent) than that which 
occurred when the pH of the preincubation mixture was about 7.5 (43 per 
cent). 

Inhibition of Non-Sedimentable Enzyme Preparation—Incubation of ex- 
tracts with a pancreatic lipase preparation (16) caused a marked clearing, 
and more than 70 per cent of the recovered DPNase activity was non- 
sedimentable (2 hours at 125,000 < g) (Table III). The activities of both 
the Spinco supernatant fluid and sediment of the lipase-treated extract 
could be depressed by preincubation with DPN (7.1 K 10-4). The ac- 
tivities (units per ml. of preparation) after preincubation with and without 
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DPN, respectively, were as follows: extract, 0.26 and 2.26; Spinco super- 
natant fluid, 0.28 and 1.52; and Spinco sediment, 0.15 and 0.48. 
Preincubation of Cell-Free Preparation with DPN Plus ADPR or Other 
Compounds—Efforts were made to reverse the inhibitory effect of DPN 
and NR produced in cells or cell-free preparations. No reactivation oc- 
curred during incubation of enzyme preparations at pH 5.8 or 7.5 with 
nicotinamide (0.005 m), ADPR (0.003 m), adenosine triphosphate (0.004 
M), 5’-phosphoribosyl pyrophosphate (0.004 m) (22), and the analogues 
of DPN (0.002 m). Heating (60° for 5 minutes, or in a boiling water bath 
for 1 minute) abolished the small residual activity, and treatment of ex- 


III 
Preparation of Non-Sedimentable DP Nase 


To 2.0 ml. of a freshly prepared extract (from cells grown in the absence of added 
DPN) from which insoluble material had been removed by centrifugation at about 
5000 X g (10 minutes) were added 0.2 ml. of glycine buffer (1 m, pH 8.0) and 0.12 ml. 
of a lipase solution. At three 60 minute intervals thereafter, 0.06 ml. of lipase solu- 
tion was added. After 240 minutes at 32°, the mixture was centrifuged for 2 hours 
at 125,000 & g (Spinco model L preparative ultracentrifuge), and the sediment was 
zesuspended in glycine buffer (0.025 m, pH 8.0) to a volume of 2.0 ml. A control 
mixture was treated identically, except that no lipase was added. Before incubation 
she enzyme preparation contained 5.0 units of DPNase per ml. 


Treatment Fraction | DPNase 

| total units 
No lipase Supernatant | 0.14 
Sediment 4.71 
With lipase Supernatant | 2.92 
Sediment | 0.94 


tracts with pancreatic lipase (see Table III) did not restore their ability 
to cleave DPN. A slight increase, however, was consistently observed 
after precipitation with ammonium sulfate, but further precipitations re- 
sulted in no enhancement of the activity. Thus, with an extract of cells 
which had been incubated with DPN for 100 minutes, the DPNase activity 
per ml. was 0.11, 0.24, and 0.23 units after no treatment, and after one and 
three precipitations, respectively. 

Although it was not possible to reactivate the DPNase markedly, the 
inhibitory effect of DPN could be competitively prevented by the addition 
of ADPR to the preincubation mixture (Fig. 7). Additional evidence for 
the competitive nature of the DPN-ADPR relationship was obtained by 
preincubating samples of Spinco sediment with one level of ADPR (0.0018 
M) and increasing amounts of DPN (Fig. 7). Maximal depression occurred 
with approximately 0.003 m DPN. 


| 
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ADPR could not be replaced by adenosine, adenosine-5’-phosphate 
(each 4 X 10-* M), nicotinamide (7.5 X 10-* m), inorganic tripolyphosphate 
(2.5 10-* m), or the DPN analogues (each 2.5 107% 

Relative Rates of Cleavage of DPN, NMN, NR, and DPN Analogues— 
The rates of cleavage of NMN and NR were investigated with the spec- 
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Fic. 7. Preincubation of cell-free preparation with DPN plus ADPR. O, Differ- 
ent levels of ADPR. The preincubation mixtures (0.4 ml.) contained 0.07 ml. of gly- 
cine buffer (1 Mm, pH 8.0), 0.03 ml. of DPN (0.0044 m), 0.53 unit of DPNase (Spinco sedi- 
ment), and the indicated amounts of ADPR. After 30 minutes at 37°, 1.1 ml. of 
glycine buffer (0.025 m, pH 8.0) were added, and the mixtures were dialyzed for 24 
hours at 3° in 500 ml. of glycine buffer (0.025 m, pH 8.0; changed once at 16 hours). 
DPNase activity was measured according to the standard assay with 0.65 ml. of the 
dialyzed mixtures. A control mixture without DPN and one without ADPR were 
treated in the same way. Estimation of protein (19) in the dialyzed mixtures showed 
a variation of +3.5 per cent, and no alcohol dehydrogenase-assayable DPN was pres- 
ent. @, Different levelsof DPN. The preincubation mixtures were prepared as those 
described above, except that the level of ADPR was constant (0.0018 m) and the level 
of DPN was varied (as indicated). Control mixtures, incubation, and further treat- 
ment of the mixtures were also the same, except that dialysis was for 48 hours and 
the dialysis buffer was changed an additional time. 


trophotometric cyanide method (14); with the DPN analogues, the stand- 
ard assay was used, except that the amount of alcohol dehydrogenase was 
increased 3-fold and the reactions were measured at different wave lengths 
(acetyl analogue, 365 my; aldehyde analogue, 355 my). With the Spinco 
sediment at pH 5.8, NMN, NR, the acetylpyridine analogue, and the 
pyridine-3-aldehyde analogue were cleaved at 41, 0, 41, and 19 per cent, 
respectively, the rate of DPN. Its inactivity with NR did not result from 
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inactivation of the enzyme by the riboside. Thus, under the conditions 
of the standard assay, with no additions and with 0.1 umole of NR, 0.084 
and 0.074 umoles of DPN were cleaved, respectively. 

Preincubation of Extracts of Mouse and Calf Organs with DPN—The 
susceptibility of the DPN-splitting activity of mouse spleen and kidney 
extracts to preincubation with DPN was similar to that of the tissue culture 
activity. Thus, after exposure to 0.34 and 1.0 X 10-* m DPN, under the 
conditions previously described (Fig. 6), the per cent activity depressions 
were 39.5 and 98.2 for the spleen extract, and 52.2 and 80.9 for the kidney 
extract, respectively. Contrariwise, with extracts of calf organs, no de- 
crease in DPN-cleaving ability resulted from preincubation with DPN. 
Thus, with the two amounts of DPN used with the mouse extracts, the 
recoveries of activity were 106 and 94 per cent for spleen and 98 and 100 
per cent for kidney. 


DISCUSSION 


Inasmuch as DPN is not destroyed in the absence of cells, there can be 
little doubt that the intact fibroblast can take up the exogenous compound. 
Whether it passes unchanged through the cell membrane or is altered dur- 
ing its passage is not known. At any rate, the small percentage of DPN 
taken up by the cells, coupled with the comparable inhibitory activities 
of DPN on the one hand and of NMN and NR on the other, indicates that 
DPN is not metabolized at the surface of the cell to yield products which 
are subsequently absorbed from the medium. 

Once inside the cell, DPN (or a derivative) leads to a rapid, specific dis- 
appearance of DPNase activity. In evidence of the specificity of the in- 
hibition are the unaltered growth rate of the cells and the unaffected activ- 
ity levels of the other enzymes studied, including some with pyridine 
nucleotides as coenzymes and one particulate activity. 

The rapid disappearance of enzyme activity in cells incubated with 
DPN makes unlikely any mechanism involving an inhibition of enzyme 
synthesis. Depression of the activity in cell-free preparations not only 
provides further evidence that protein synthesis is not involved but also 
suggests that inactivation may result from the formation of enzyme-nico- 
tinamide derivative complexes. The ability of ADPR to prevent the 
effect of DPN competitively is consistent with this contention. ADPR 
is assumed to be reversibly adsorbed to the susceptible enzyme site, thus 
preventing the irreversible attachment of DPN or a derivative. 

The formation of an inactive complex with NR can be readily visualized; 
the compound is not metabolized by the DPNase. However, it is more 
difficult to understand how NMN and DPN can inactivate the enzyme; 
the former can be cleaved and the latter is presumably the substrate. Fur- 
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ther studies on the mechanism of the inactivation must await purification 
of the enzyme. 

Although the exact mechanism of the enzyme activity depression is not 
understood, there is no reason to doubt that it is the same with the cell-free 
preparations in the preincubation experiments on the one hand and with 
the fibroblasts grown or incubated with a nicotinamide derivative on the 
other. Furthermore, in spite of the artificial environment used to study 
it, the mechanism appears to represent a means for controlling an enzyme 
activity level. 

It remains to be seen whether the DPNase control mechanism has more 
general application, and it would be particularly interesting to find an 
enzyme system which can be inhibited reversibly. Conceivably, further 
study of the liver activities which are increased by injection of substrate 
(7) might reveal such a system. 


The author gratefully acknowledges many enthusiastic, helpful discus- 
sions with Dr. Melvin Cohn. 


SUMMARY 


1. Incubation of suspended cultures of mouse fibroblast tissue culture 
cells with diphosphopyridine nucleotide (DPN), nicotinamide mononu- 
cleotide (NMN), or nicotinamide riboside (NR) results in a specific dis- 
appearance of DPNase activity. The rate of cell growth and the levels 
of the other enzyme activities studied were not affected. Nicotinamide, 
adenosine diphosphate ribose (ADPR), adenosine-5’-phosphate, and the 
other compounds tested caused no decrease in activity. 

2. The decrease in DPNase activity in cells exposed to DPN, NMN, or 
NR was rapid; little or no activity was present after 1 hour. The reap- 
pearance of the activity, however, occurred gradually over a period of 
several generations. 

3. Investigation of the mechanism of the activity depression was carried 
out with cell-free preparations of the tissue culture cells. The DPNase 
activity of cell-free preparations could be markedly decreased by preincu- 
bation with one of the nicotinamide derivatives but not by nicotinamide 
or ADPR. ADPR competitively prevented the inactivation produced 
by DPN. 
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Maltase activity was first observed in animal sera during the latter part 
of the last century (1, 2). Later studies (3-6) defined its presence in the 
sera of some animals (dog, goat, horse, ox, pig, rat, and sheep) and its ab- 
sence from others (cat, chicken, guinea pig, man, and rabbit). However, 
more recently, little additional information about any of these enzymes 
has been provided. ‘To elucidate its mechanism of action and substrate 
specificity, the maltase activity from equine serum was partially purified 
and studied. Evidence has been obtained to show that the enzyme is a 
hydrolase which attacks, in addition to maltose, several other a-glucosides. 

The purpose of this report is to describe the purification procedure and 
some of the properties of equine serum maltase. 


Materials and Methods 


Materials—Equine serum was prepared from blood procured at a slaugh- 
terhouse. The blood was first kept at 37° for 2 hours and then at 3° for 
16 to 24 hours, and the serum was obtained by centrifugation. 

Maltose was obtained from the Pfanstiehl Laboratories, Inc., and crys- 
tallized three times from 80 per cent ethanol. Three starch preparations 
were used: a sample of soluble, erythrodextrin-free starch from the Pfan- 
stiehl Laboratories, Inc., defatted waxy maize prepared by Dr. D. French, 
and a preparation of wheat amylopectin from the Corn Products Refining 
Company. None possessed a detectable amount of glucose (less than 
0.002 umole per 0.5 mg.), and only 0.014 to 0.027 umole of reducing sugar 
per mg. of starch was present. Glycogen was obtained through the kind- 
ness of Dr. B. A. Illingworth and dextran was generously provided by Dr. 
A. Jeanes. a-Methyl pv-glucoside was a product of the Corn Products 
Refining Company, and a-methyl p-mannoside, 8-methy]! p-xyloside, lac- 
tose, melibiose, sucrose, and trehalose were products of the Pfanstiehl] Lab- 
oratories, Inc. o-Nitropheny] a-p-galactoside was kindly provided by Dr. 
D. S. Hogness, a-pheny] p-glucoside by Dr. B. Helferich, o-nitropheny] 
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a-p-glucoside by Dr. S. Spiegelman, and §-methyl maltoside by Dr. M. 
Cohn. Isomaltose was kindly supplied by Dr. A. Jeanes. The octaace- 
tate derivative of isomaltose, a gift from Dr. M. L. Wolfrom, was deacetyl- 
ated with sodium methylate. 

Adenosine triphosphate and triphosphopyridine nucleotide were prod- 
ucts of the Sigma Chemical Company. 

Yeast hexokinase! was contaminated with glucose-6-phosphate dehy- 
drogenase but contained no maltase activity and essentially no reduced 
triphosphopyridine nucleotide oxidase. The purified preparation was 
freed from glucose by adsorption and elution from aluminum hydroxide gel 
Cy (7). 8-Glucosidase was obtained from the Worthington Biochemical 
Company. 

Determinations—Phenol and protein were estimated colorimetrically 
with the Folin-Ciocalteu reagent according to the procedure of Lowry et 
al. (8). 

Enzyme Assay—Maltase activity was generally measured by the esti- 
mation of glucose with the coupled hexokinase-glucose-6-phosphate dehy- 
drogenase system. When non-glucosidic compounds were tested, enzyme 
activity was measured by the formation of reducing sugar. 

The reaction mixtures (1.0 ml.) contained 0.1 ml. of sodium phosphate 
buffer (0.1 m, pH 6.4), 0.1 ml. of maltose (0.01 m) (with other substrates 
as indicated), and 0.02 to 0.2 unit of enzyme. After 30 minutes at 37°, 
the reaction was stopped by heating in a boiling water bath for 2 minutes. 
After being cooled in ice, insoluble material was discarded by centrifuga- 
tion. 

Enzymatic Estimation—The mixtures (1.0 ml.) contained 0.1 ml. of gly- 
cylglycine buffer (0.5 m, pH 7.4), 0.04 ml. of MgCl, (0.1 m), 0.02 ml. of 
adenosine triphosphate (0.05 m), 0.02 ml. of triphosphopyridine nucleotide 
(0.01 m), and 0.5 ml. of the test supernatant fluid. Hexokinase (0.04 ml., 
contaminated with glucose-6-phosphate dehydrogenase) was added after 
a zero time measurement was made. Glucose was estimated in a Beckman 
DU spectrophotometer by the increase in optical absorption at 340 my, 
correcting for the slight increase (0.010 to 0.014 optical density unit) with 
control mixtures lacking maltose or maltase. The millimolar extinction 
coefficient of reduced triphosphopyridine nucleotide was taken to be 6.3 
at 340 mu. 

Reducing Sugar Estimation—Reducing sugar was measured with the 
entire assay mixture by using the copper reagent of Shaffer and Somogyi (9) 
and the Nelson arsenomolybdate reagent (10). Control] mixtures without 
substrate or enzyme were also tested. 

A unit of enzyme was defined as the amount hydrolyzing 1 ymole of 


' Purified according to a modification of the procedure of Dr. D. H. Brown. 
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maltose per hour. Specific activity was defined as units of activity per 
mg. of protein. 

Under the conditions of the assay, the rate of maltose hydrolysis was 
proportional to the amount of enzyme. Thus the activities, in units per 
ml., with 0.03, 0.06, 0.10, and 0.20 ml. of an enzyme solution were 0.96, 
0.93, 0.95, and 0.96, respectively. 

The rate of reaction was constant with time for at least 60 minutes. 
Thus, with the same amount of enzyme, 1.12, 1.11, 1.13, 1.11, 1.09, and 
1.13 units per ml. were calculated to be present after incubation for 5, 10, 
20, 30, 45, and 60 minutes, respectively. 


TaBie I 
Purification of Maltase 
Volume 
Enzyme fraction of Total units Total protein Specific activity 
solution 
mil. még. untils per mg. protein 
360 71,710 38 , 880 1.84 
Ammonium sulfate.......... 120 51,240 3,650 14.0 
a er 30 33 , 060 108 306 
30 28 , 560 10.2 2800 
Results 


Purification of Maltase—Purification of the enzyme was carried out at 
0-3° unless otherwise indicated. Adjustments of pH were made with a 
Beckman pH meter, model G, with a temperature setting of 10°. 

Precipitation with Ammonium Sulfate—To 360 ml. of serum, 720 ml. of 
water, followed by 294 gm. of ammonium sulfate, were added with stirring. 
After 5 minutes, the precipitate was discarded by centrifugation, and an 
additional 102 gm. of ammonium sulfate were added to the supernatant 
fluid. The precipitate, collected after 5 minutes, was dissolved in water 
to a volume of 120 ml. and dialyzed against solutions of sodium acetate 
(0.2 m) until it was free from ammonium ion (direct nesslerization (11)) 
(‘Ammonium sulfate” fraction, Table I). 

Precipitation with Ethanol—The dialyzed ammonium sulfate fraction 
(120 ml.) was adjusted to pH 6.4 with acetic acid (1 m, about 1 ml.), 120 
ml. of water were added, and the solution was cooled to —1° in an alcohol- 
ice mixture. During an interval of about 30 minutes, 200 ml. of absolute 
ethanol were added with vigorous stirring, while the temperature was al- 
lowed to fall to —12°. The precipitate was discarded by centrifugation 
for 10 minutes in a Servall type SS-1 centrifuge (about 10,000 < g) kept 
in a room at —12°. To the supernatant fluid (—12°) were added 160 ml. 
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of absolute ethanol, and the precipitate was dissolved to a volume of 30 
ml. in a solution of sodium acetate (0.01 m) (‘““Ethanol’”’ fraction, Table I). 
Acid Precipitation—The ethanol fraction (30 ml.) was adjusted to pH 
4.3 by the addition of acetic acid (1 m, about 1.5 ml.), and the acidified solu- 
tion was kept in a 30° water bath for 10 minutes with stirring. The pre- 
cipitate that formed was collected by centrifugation and dissolved in a 
solution of sodium acetate (0.2 m) to a volume of 30 ml. Insoluble material 
was discarded by centrifugation (‘“‘Acid precipitation” fraction, Table I). 
Enzyme solutions were stored at —10° and showed no significant loss in 
activity over a 2 month period. The experiments reported here were car- 
ried out with the acid precipitation fraction unless otherwise indicated. 


Stoichiometry of Reaction 
The stoichiometry of maltase action was studied by estimating the glu- 
cose released from various amounts of maltose during incubation (30 min- 
utes, 37°) with 28.6 units of enzyme. The following results were obtained: 


Maltose added, wmole.......... 0.10 0.20 0.40 0.80 
Glucose formed, “ .......... 0.20 0.41 0.84 1.56 
Enzyme Specificity 


The following compounds did not inhibit the hydrolysis of maltose and 
were not detectably hydrolyzed during incubation with the enzyme (94 
units) under the conditions of the standard assay : 4-p-glucose 8-p-glucoside 
(cellobiose), a-methyl p-glucoside, a-methyl pb-mannoside, 4-p-glucose 
8-p-galactoside (lactose), 6-glucose a-p-galactoside (melibiose), o-nitro- 
pheny! a-p-galactoside , l-a-p-glucose 8-p-fructoside (sucrose), 1-a-p-glucose 
a-p-glucoside (trehalose) (each 0.002 m), and dextran (0.5 mg. per ml.). 

The following compounds, in addition to maltose, were hydrolyzed by 
the enzyme preparation: a-pheny! p-glucoside, 8-methyl maltoside, glyco- 
gen, starch, 3-fructose a-p-glucoside (turanose), and isomaltose. Under 
the conditions used, the rate of hydrolysis of each compound was essentially 
constant for at least 30 minutes and was proportional to the amount of 
enzyme preparation. 

To show that the enzymatic release of glucose was not due to the hydroly- 
sis of contaminants present in small amounts in the various preparations, 
mixtures prepared with large amounts of enzyme (18 to 180 units) were 
incubated for 2 to 8 hours. Glucose (or glucose plus fructose) formation 
ranged from 50.6 (isomaltose) to 100 per cent (8-methy] maltoside, tu- 
ranose) of the total theoretical yield. 

a-Phenyl v-Glucoside—Under the conditions of the standard assay, the 
rate of cleavage of this compound (0.002 m) was 0.74 per cent that of maltose 
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(0.001 m). In an experiment in which 0.064 umole of glucose was liberated, 
0.065 umole of phenol (8) was also formed. The hydrolysis of o-nitro- 
pheny] a-p-glucoside, measured spectrophotometrically at 420 my, occurred 
at essentially the same rate as that of the pheny] glucoside. 

8-Methyl Maltoside—Hydrolysis of this compound occurred at a rate 
identical with that of maltose. Thus, with the same amount of enzyme, 
the glucose formed from maltose and from the derivative (each 0.001 m) 
in 1 hour was 0.167 and 0.082 umole, respectively. The stoichiometry of 
s-methyl maltoside cleavage was studied by incubating the compound 
(1.75 umoles) first with maltase (pH 6.6), and then with 8-glucosidase (pH 
5.5). Glucose release, estimated with the enzymatic assay procedure, was 
1.79 wmoles with maltase and an additional 1.75 wmoles with 8-glucosidase. 
When the incubation times with maltase and 6-glucosidase were doubled, 
glucose release by each enzyme was 1.74 and 1.69 umoles, respectively. 

Starch and Glycogen—The agreement between glucose (estimated with 
hexokinase) and reducing sugar liberation indicates that no fragments of 
starch accumulate during its hydrolysis. The following results, obtained 
after incubation (30 minutes, 37°) of 0.5 mg. of the starch preparations 
with maltase (19 units), illustrate this point: 


Starch preparation Glucose, umole Reducing sugar, umole 
Waxy maize 0.106 0.116 
Wheat amylopectin 0.136 0.135 
Pfanstiehl’s 0.207 0.202 


Evidence that the activity with starch is not due to contamination with 
amylase was obtained by comparing the rates of glucose release from malt- 
ose and starch with the various enzyme fractions (Table II) and with one 
of the fractions, after calcium phosphate gel (12) treatment (Table III). 
The data show that the ratio of activities with the two substrates remained 
constant over the entire purification procedure and during the gel treat- 
ment. 

Further evidence for the ability of the maltase to attack starch was ob- 
tained by comparing the rates of glucose release from starch and maltose 
after anion exchange chromatography of the enzyme? (Fig. 1). As can be 
seen from Fig. 1, the comparative rates of hydrolysis were essentially the 
same in the fractions eluted from the column. The slightly lower ratios 
of maltose to starch activities (Tables II and III) appear to result from the 
assay conditions used in this experiment. Thus, with the same enzyme 


? Attempts to adsorb the amylase or maltase activity on columns of corn or potato 
starch at pH 5.5 and 8.5 were unsuccessful. 
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preparation, the ratios were 56.0 and 63.1 under the conditions described 
in Fig. 1 and with the standard assay, respectively. 
The rate of hydrolysis of a sample of glycogen was lower than that ob- 


TaB_e II 
Identity of Rates of Hydrolysis of Maltose and Starch with Various Enzyme Fractions 


The reaction mixtures (1.0 ml.) were prepared and incubated as for the standard 
assay. The substrates were present in the following amounts: maltose, 1 umole; 
starch, 0.5 mg. Glucose formation was estimated with hexokinase. 


Glucose released per ml. enzyme Ratio of activities 


Enzyme fraction 
Maltose Waxy maize  Pfanstiehl’s Maltose | Maltose 

starch starch (Waxy maize| Pfanstiehl’s 

pmoles pmoles pmoles 

Ammonium sulfate.......... 405 2.88 5.71 141 70.9 
1020 7.16 15.4 142 66.2 
871 6.60 12.8 132 68.0 


* The values were corrected for glucose present in the serum. 


TaBLeE III 


Identity of Rates of Hydrolysis of Maltose and Starch after Calcium 
Phosphate Gel Treatment 

Aliquots (1.0 ml.) of a dilution of the acid precipitation fraction (0.023 mg. of 
protein per ml.) were mixed with the indicated volumes of calcium phosphate gel 
(0.8 mg. of solids per ml., water removed). After 5 minutes, the supernatant fluids 
were obtained by centrifugation. The reaction mixtures were prepared as for the 
standard assay. 0.5 mg. of Pfanstiehl’s starch or 1 umole of maltose was used as 
substrate. Glucose was estimated with hexokinase. 


Glucose released per ml. of enzyme Ratio of activities 
Calcium phosphate gel | 
altose 
Maltose Starch Scorch 
ml. pmoles | pmoles 
0 1159 | 17.2 67.4 
0.08 | 940 | 14.9 63.1 
0.20 | 618 9.60 64.4 
0.26 432 | 6.48 | 66.7 


served with any of the starch preparations, 0.33 per cent of that of maltose. 

Turanose and Isomaltose—The rates of cleavage of these compounds 
(0.001 m) under the conditions of the standard assay were 3.9 and 0.15 per 
cent, respectively, of the rate with maltose (0.001 m). Isomaltose prepa- 
rations obtained from two different sources (see ‘‘Materials and methods’’) 
were hydrolyzed at identical rates. 


| 
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Effect of pH and Other Factors 


pH—The rate of maltose hydrolysis was studied as a function of pH 
with sodium phosphate-sodium acetate buffers. The optimal pH range 


60 


40 


GLUCOSE FORMED PER FRACTION (#MOLES) 


3 5 
FRACTION NUMBER 

Fic. 1. Anion exchange chromatography of maltase preparation. 0.5 ml. of 
ethanol fraction (Table I) containing 452 units of enzyme was chromatographed on 
a column of Dowex 1, formate form (2 per cent cross-linked; height 2 cm., diameter 
1 em.), at 3°. Elution was with sodium phosphate buffer (0.2 m, pH 6.5) and each 
2 ml. fraction was collected in 9 minutes. The hydrolysis of maltose (0.001 m) and 
starch (Pfanstiehl’s, 0.5 mg. per ml.) was measured according to the standard assay 
procedure, except that the amount of phosphate buffer (pH 6.5) added to the reaction 
mixtures was varied to yield a final concentration of 0.02 mM. 68.5 per cent of the 
activity was recovered in Fractions 1 to 7. Fractions 6 and 7 were not tested with 
starch. The ordinate represents the amount of glucose formed per fraction with 
maltose as substrate, and 55 times the amount formed with starch assubstrate. | , 
starch; =, maltose. 


was 6.3 to 7.2. The relative reaction rates at other pH values were as 
follows: 


| 5 | 5.9 7.6 | 9.2 


4 5 
Rate at pH.6.6,%... 17 | 37 87 76 55 26 
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Concentration of Maltose—The rate of the maltase reaction was studied 
at pH 6.6 as a function of maltose concentration (Fig. 2). A Lineweaver 
and Burk plot (13) yielded a straight line. The K, value was calculated 
to be 3.8 X 107‘ M. 

Lack of Influence of K+, Inorganic Orthophosphate—Maltose hydrolysis 
proceeded at essentially the same rate when K+ was substituted for Nat. 
Thus, in an experiment with 0.05 ml. of an enzyme preparation which had 
been diluted 800-fold in water, the rate of glucose formation from maltose 
with Nat and K* phosphate buffers was 0.144 and 0.134 umole per hour, 
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MALTOSE, 107M (S) 

Fic. 2. The rate of maltase action as a function of maltose concentration. The 
reaction mixtures containing 0.12 unit of enzyme were prepared and treated accord- 
ing to the standard assay, except that the indicated amounts of maltose (molar con- 
centrations = S) were used. The rate of reaction (v) is presented as micromoles of 
maltose hydrolyzed per ml. of enzyme per hour. ©, maltose hydrolyzed as a func- 
tion of maltose concentration; @, a Lineweaver and Burk plot (13). 


respectively. Similarly, no decrease in maltase activity occurred in the 
absence of inorganic orthophosphate. 


DISCUSSION 


Although the problem of how substrate-specific are maltose hydrolases 
has been discussed in some detail (see the reviews of Gottschalk (14) and 
Hestrin (15)), it is still unsettled. The confusion doubtless arises in great 
part from the use of both relatively crude enzyme preparations and insufb- 
ciently sensitive assay methods. In addition, there exists the possibility 
discussed by Gottschalk (14) that the enzymes studied, from various bio- 
logical sources, have different substrate specificities. 

Studies with an enzyme from equine serum show that, while maltose 
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and the maltose derivative tested were most rapidly hydrolyzed, a variety 
of other a-p-glucosides is also cleaved. The rates of hydrolysis vary over 
a wide range, depending upon the aglycon group and the nature of the link- 
age to it. Thus, isomaltose and a-phenyl glucoside were attacked slowly, 
0.15 and 0.74 per cent the rate of maltose, respectively, whereas turanose 
and 6-methyl maltoside were cleaved more rapidly, 3.9 and 100 per cent 
the rate of maltose, respectively. 

Of particular interest is the observation that starch is attacked by the 
partially purified enzyme. Although the evidence does not show con- 
clusively that a single enzyme is responsible, the identity of the behavior 
of the hydrolytic activities for maltose and starch during the purification 
procedure and other manipulations provides strong support for this con- 
tention. 

Although sucrose, a-methyl glucoside, dextran, and trehalose did not 
appear to be attacked, the possibility exists that one or more of these com- 
pounds is hydrolyzed, but at a rate not detectable by the assay method 
used (less than 0.01 per cent the rate of maltose hydrolysis). 

Whether the equine serum enzyme should be classified as a maltase or 
an a-glucosidase depends upon the definitions applied to each group. If 
hydrolysis of a-methy! glucoside and the relative rates of attack on maltose 
and other a-glucosides are considered to be important distinguishing char- 
acteristics of the two groups, the equine serum hydrolase must at pres- 
ent be classed as a maltase. | 


SUMMARY 


1. An enzyme which hydrolyzes maltose and 8-methyl maltoside at 
equal rates has been purified from equine serum. Also attacked, but at 
slower rates, are a-phenyl p-glucoside, turanose, isomaltose, glycogen, and 
starch. The evidence obtained indicates that starch hydrolysis is due to 
the action of the maltose hydrolase. 

2. a-Methy] glucoside, sucrose, and dextran were among the compounds 
not detectably attacked by the enzyme. 
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It has recently been demonstrated (1, 2) that the diphosphopyridine 
nucleotidase from pig brain will catalyze an exchange between the nico- 
tinamide moiety of DPN! and 3-acetylpyridine, resulting in the formation 
of the analogue acetylpyridine DPN. Acetylpyridine DPN has been found 
to be active in a number of dehydrogenase reactions and in some cases 
has been shown to be more active than the naturally occurring coenzyme. 
From equilibrium data an E’) of —0.24 volt was determined for the acetyl- 
pyridine DPN-acetylpyridine DPNH system as compared to an FE’, of 
—0.32 volt for the DPN-DPNH system (3). Since the £’9 of the analogue 
appears to be more positive than that of the DPN-DPNH system, it was of 
interest to determine whether DPNH or TPNH flavin-linked reductases 
or oxidases could catalyze a transfer of electrons or hydrogen from the 
naturally occurring pyridine nucleotides to the respective analogues. 

This paper is concerned with this transfer of electrons or hydrogen cata- 
lyzed by flavin enzymes. It will be shown that these enzymes are distinct 
from the Pseudomonas fluorescens transhydrogenase (4—6), that non-flavin 
dehydrogenases do not catalyze this transfer, and that the enzymes exhibit 
specificity towards the reduced coenzyme as electron donor and the respec- 
tive acceptor analogue. 


Materials and Methods 


Coenzymes and Other Materials—DPN and TPN of 90 per cent purity 
were obtained from the Pabst Laboratories. Acetylpyridine DPN, acetyl- 


* Contribution No. 168 of the McCollum-Pratt Institute. This investigation was 
aided by grants from the American Cancer Society, as recommended by the Com- 
mittee on Growth of the National Research Council, and the National Cancer Insti- 
tute, National Institutes of Health (grant No. C-2374(C)). 

t Postdoctoral Fellow in Cancer Research of the American Cancer Society. Pres- 
ent address, Department of Bacteriology and Immunology, Harvard Medical School, 
Boston, Massachusetts. 

' The following abbreviations are used: DPN and DPNH, oxidized and reduced 
diphosphopyridine nucleotide, respectively; TPN and TPNH, oxidized and reduced 
triphosphopyridine nucleotide, respectively; FAD, flavin adenine dinucleotide; 
FMN, flavin mononucleotide; GSSG and GSH, oxidized and reduced glutathione, 
respectively; Tris, tris(hydroxymethyl)aminomethane. 
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pyridine TPN, and pyridine-3-aldehyde DPN were prepared by an ex- 
change reaction catalyzed by pig brain DPNase, as described by Kaplan 
and Ciotti (1, 2). DPNH was prepared enzymatically by the method of 
Pullman et al. (7) and TPNH also enzymatically by the use of the partially 
purified pig heart isocitric dehydrogenase of Grafflin and Ochoa (8). Ace- 
tylpyridine DPNH and acetylpyridine TPNH were prepared enzymat- 
ically with alcohol dehydrogenase and isocitric dehydrogenase, respectively. 
FAD of 60 per cent purity was generously supplied by the Sigma Chemical 
Company, and cytochrome c was obtained from the Mann Biochemical 
Company. 

Enzymes—P. fluorescens extracts were prepared from cells grown in iron- 
deficient media by the method of Lenhoff et al. (9). Pig heart DPNH 
diaphorase, DPNH cytochrome c reductase, TPNH cytochrome c reduc- 
tase, and yeast TPNH glutathione reductase were prepared by the meth- 
ods of Straub (10), Mahler et al. (11), Horecker (12), and Racker (13), 
respectively. Purified Achromobacter fischeri luciferase was kindly supplied 
by Dr. William D. McElroy, and the purified TPNH diaphorase from spin- 
ach chloroplasts by Dr. M. Avron and Dr. A. Jagendorf. Crystalline rab- 
bit muscle and yeast triosephosphate dehydrogenase were kindly supplied 
by Dr. Gale Rafter and were prepared as described by Cori et al. (14) and 
Krebs et al. (15), respectively. Purified nitrate reductase from Neurospora 
was kindly supplied by Mr. 8S. Kinsky of this laboratory. Xanthine oxi- 
dase, crystalline yeast alcohol dehydrogenase, and crystallized rabbit mus- 
cle lactic dehydrogenase were obtained from the Worthington Biochemical 
Corporation. 

Measurements—All measurements were performed at room temperature 
with a Beckman model DU spectrophotometer with 3.0 ml. cuvettes having 
a 1.0 cm. light path. Cytochrome c reduction was determined by an in- 
crease in optical density at 550 my and 2,6-dichlorophenol-indophenol 
reduction by a decrease in extinction at 610 my. As described by Kaplan 
and Ciotti (2), acetylpyridine DPNH and acetylpyridine TPNH formation 
was determined by an increase in optical density at their maximal extinc- 
tion of 365 my, and at 400 my where the reduced analogues have signifi- 
cant absorption in contrast to that of DPNH and TPNH. Therefore, by 
measuring the ratio of the absorption at 365 and 340 my, the levels of 
DPNH or TPNH and acetylpyridine DPNH or acetylpyridine TPNH 
could be ascertained. The changes in optical density were determined at 
365, 340, and 400 my during the course of the reaction. Although the time 
indicated in the figures for the ratios is in minutes, the actual reading at 
340 my was taken 15 seconds after the reading at 365 mp. No data will 
be given for the absorption at 400 my, but in all experiments the increase 
in the 365:340 ratio, which indicated analogue reduction, was checked by 
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measurements at 400 my. Pyridine-3-aldehyde DPN reduction was deter- 
mined by an increase in optical density at 355 mu. Protein was estimated 
by the method of Warburg and Christian (16). 


Results 


Since it will be shown in a subsequent paper? that the transfer reaction 
involves an electron rather than a hydrogen transfer, the reaction will be 
referred to as an electron transfer. 


FAD Enzymes 


DPNH Diaphorase—As can be seen in Fig. 1, A, Curve I, the DPNH 
diaphorase from pig heart which catalyzes the reduction of dyes and in- 
organic ferric iron (17) could reduce acetylpyridine DPN when DPNH was 
used as electron donor. No transfer occurred when TPNH was used as 
electron donor (Curve III) or when acetylpyridine TPN was used as elec- 
tron acceptor. As noted in Fig. 1, A, Curve II, if acetylpyridine DPN 
was added to the reaction mixture containing DPNH and acetylpyridine 
TPN, there was immediate reduction of the analogue. Although not indi- 
cated in Fig. 1, pyridine-3-aldehyde DPN reduction was also catalyzed by 
the diaphorase when DPNH was used as electron donor. The reduction 
of pyridine-3-aldehyde DPN proceeded at a somewhat slower rate than 
that of acetylpyridine DPN. It is of interest to note that acetylpyridine 
DPNH reduces the dye dichlorophenol-indophenol at one-fifth the rate of 
DPNH. 

DPNH Cytochrome c Reductase—As can be seen in Fig. 1, B, Curve I, 
this enzyme from pig heart, which catalyzes both the reduction of cyto- 
chrome c and dyes, could catalyze the reduction of acetylpyridine DPN 
with DPNH as electron donor. As illustrated in Fig. 1, B, Curve II, if 
acetylpyridine TPN was used as electron acceptor, no reduction of the 
analogue occurred; however, if acetylpyridine DPN was then added, there 
was immediate reduction. It is of interest to note that, although the cyto- 
chrome c reductase, in the presence of DPNH, catalyzes the reduction of 
dye at a rate almost twice that of the DPNH diaphorase, the transfer reac- 
tion proceeds at a much slower rate. In addition, it was found that acetyl- 
pyridine DPNH could not substitute for DPNH as electron donor in pro- 
moting the reduction of dye or cytochrome c when the pig heart cytochrome 
c reductase was used as catalyst. 

Xanthine Oxidase—This FAD enzyme from milk has been reported by 
Corran et al. (18) and Mackler et al. (19) to use DPNH as well as xanthine 
or hypoxanthine as an electron donor in the reduction of dyes. Since the 
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xanthine oxidase does not catalyze the oxidation of DPNH in the presence 
of oxygen to any appreciable extent without an electron acceptor, the trans- 
fer reaction was performed aerobically. It was found that a transfer of 
electrons from DPNH to acetylpyridine DPN was catalyzed by the xan- 
thine oxidase. Similarly, as with the enzymes described previously, this 
enzyme shows specificity for the substrate and acceptor, which was evi- 
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Fic. 1. Demonstration of the transfer reaction catalyzed by DPNH diaphorase 
and DPNH cytochrome c reductase. The reaction mixtures contained 50 umoles of 
phosphate buffer, pH 7.5, and 50 uwmoles of trisodium citrate-2H.O. The reaction 
mixtures represented by the various curves contained the following: Curve I, 0.25 
umole of DPNH and 0.6 umole of acetylpyridine DPN; Curve II, 0.25 umole of DPNH 
and 0.5 wmole of acetylpyridine TPN (0.6 umole of acetylpyridine DPN (APDPN) 
added at the arrow); Curve III, 0.25 umole of TPNH and 0.6 umole of acetylpyridine 
DPN. Reactions were started with enzyme. A, DPNH diaphorase. The reaction 
mixtures contained the constituents listed above and 0.09 mg. of enzyme protein in 
a total volume of 3.0 ml. B, DPNH cytochrome c reductase. The reaction mixture 

was the same as that in diaphorase, except for 0.16 mg. of enzyme protein. 


denced by the lack of activity when TPNH was used as electron donor or 
when acetylpyridine TPN was present as electron acceptor. The xanthine 
oxidase could also catalyze the reduction of acetylpyridine DPN with hypo- 
xanthine as electron donor. However, when hypoxanthine was used as 
electron donor, acetylpyridine TPN could also serve as electron acceptor. 
This lack of specificity for the acceptor analogues, when hypoxanthine was 
used as an electron donor, certainly poses the question whether the same 
enzyme is capable of utilizing both hypoxanthine and DPNH as electron 
donors or whether two enzymes are involved. 
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TPNH Cytochrome c Reductase—As can be seen in Fig. 2, A, this TPNH 
enzyme from pig liver specifically catalyzes the transfer of electrons from 
TPNH to acetylpyridine TPN; DPNH and acetylpyridine DPN would not 
serve as electron donor and acceptor, respectively. The initial rate of catal- 
ysis of reduction of cytochrome c by this enzyme with acetylpyridine 
TPNH as electron donor was equal to that obtained with TPNH. This 
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Fig. 2. Transfer reaction catalyzed by TPNH cytochrome c reductase and TPNH 
chloroplast diaphorase. A, TPNH cytochrome c reductase. The reaction mixtures 
contained 50 uzmoles of phosphate buffer, pH 7.5, 50 umoles of trisodium citrate-2H.0, 
0.25 mg. of enzyme protein, and the following constituents designated by the various 
curves in a total volume of 3.0 ml.: Curve I, 0.25 umole of TPNH and 0.55 umole of 
acetylpyridine TPN; Curve II, 0.25 umole of TPNH and 0.6 umole of acetylpyridine 
DPN (0.55 umole of acetylpyridine TPN (APTPN) added at the arrow); Curve III, 
0.25 umole of DPNH and 0.55 umole of acetylpyridine TPN. Reactions were started 
with enzyme. B, TPNH chloroplast diaphorase. The reaction mixtures contained 
50 umoles of phosphate buffer, pH 7.5, 0.06 mg. of enzyme protein, and the same con- 
stituents as those listed in the curves for Fig. 2, A, ina total volume of 3.0ml. Reac- 
tions were started with enzyme. 


was true only during the Ist minute of the reaction, after which time the 
rate declined rapidly. This decline in rate was found to be due to the ac- 
cumulation of acetylpyridine TPN. The oxidized analogue is a more ef- 
fective inhibitor than TPN, which has been found to be an inhibitor of 
cytochrome c reduction (20). 

Chloroplast TPNH Diaphorase—This enzyme from spinach chloroplasts, 
as described by Avron and Jagendorf (21), was identified asan FAD enzyme 
by the use of the spectrophotometric p-amino acid oxidase test (22). This 
enzyme was found to catalyze the reduction of acetylpyridine TPN when 
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TPNH was used as electron donor (Fig. 2, B). DPNH or acetylpyridine 
DPN could not substitute for TPNH or acetylpyridine TPN as electron 
donor and acceptor, respectively. 

Neurospora TPNH Nitrate Reductase—It was found that highly purified 
preparations of Neurospora TPNH nitrate reductase also catalyzed a trans- 
fer of electrons from TPNH to acetylpyridine TPN. The contamination 
of this enzyme preparation with an FAD-requiring TPNH oxidase (Kinsky, 
S., unpublished) made it difficult to determine which enzyme was responsi- 
ble for catalyzing the transfer reaction. It was found, however, that it was 
possible to inhibit TPNH oxidation by oxygen with p-chloromercuriben- 
zoate. Similarly, as reported by Nason and Evans (23), p-chloromercuri- 
benzoate inhibits the catalysis of nitrate reduction. Regardless of which 
enzyme catalyzes the transfer reaction, it was not inhibited by p-chloro- 
mercuribenzoate. In addition, Kinsky (unpublished) has found that ace- 
tylpyridine TPNH could substitute for TPNH as electron donor in the 
catalysis of the reduction of nitrate. The rate, however, of this reduction 
was approximately one-fifth of that obtained with TPNH. 


FMN Enzymes 


Two FMN enzymes, purified A. fischeri luciferase (24) and P. fluorescens 
diaphorase (25), were tested for their ability to catalyze the transfer of 
electrons from DPNH to acetylpyridine DPN. These enzymes did not 
appear to catalyze the transfer reaction during a 1 hour period of examina- 
tion. It is of interest that, although the Pseudomonas preparation con- 
tained, in addition to the diaphorase, a very active transhydrogenase, which 
catalyzed a transfer of hydrogen from TPNH to DPN, the preparation 
still did not catalyze the transfer reaction from TPNH to the acetylpyridine 
analogue of either TPN or DPN. 


Non-Flavin Reductases and Dehydrogenases 


A number of non-flavin dehydrogenases and reductases were tested for 
their ability to catalyze the transfer reaction. The following were investi- 
gated with DPNH and acetylpyridine DPN as electron donor and ac- 
ceptor, respectively: skeletal muscle lactic dehydrogenase, yeast and mus- 
cle triosephosphate dehydrogenase, and yeast alcohol dehydrogenase. In 
addition, yeast GSSG reductase was tested with TPNH and 3-acetyl- 
pyridine TPN as electron donor and acceptor, respectively. These en- 
zymes appear not to catalyze the transfer reaction during a 1 hour period 
of incubation. This extends and confirms previous observations that de- 
hydrogenases do not promote transfer reactions between pyridine nucleo- 
tides (5, 26). 
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Flavin Requirement for Transfer Reaction 
It was evident that, of all the enzymes tested, only the FAD enzymes 
were active in catalyzing the transfer reaction. It was of interest there- 
fore to attempt to elucidate the role of FAD in this reaction. The diffi- 
culties encountered in retaining an intact apoenzyme after removing FAD 
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Fia. 3. Effect of the removal of FAD from TPNH cytochrome c reductase on cyto- 
chrome c reduction and the transfer reaction. A, cytochrome c reduction. The 
reaction mixtures contained 50 umoles of Tris buffer, pH 7.5, 0.6 umole of TPNH, 
0.1 ml. of 1.0 per cent cytochrome c, and 0.24 mg. of acid (NH,)2SO,-treated enzyme 
protein in a total volume of 3.0 ml. Curve I contained FAD in a final concentration 
of 8.0 X 10-* m which was preincubated with the enzyme in Tris for 10 minutes at 0° 
before starting the reaction. Curve II represents no added FAD. Reactions were 
started with TPNH. 8B, transfer reaction. The reaction mixtures contained 50 
umoles of phosphate buffer, pH 7.5, 50 umoles of trisodium citrate-2H.0, 0.25 umole of 
TPNH, 0.52 umole of acetylpyridine TPN, and 0.24 mg. of acid (NH,)2SO,-treated 
enzyme protein in a total volume of 3.0 ml. Curve I represents the same concentra- 
tion of FAD and the preincubation was carried out in a similar manner to that de- 
scribed in Fig. 3, A. No FAD was added to the reaction mixture in Curve II. Re- 
action in Curve I was started with acetylpyridine TPN and that in Curve II with 
enzyme. 


from the enzymes necessitated the use of those enzymes which were resist- 
ant to such treatment. In consequence, two such enzymes, TPNH cyto- 
chrome c reductase and TPNH nitrate reductase, were used. The cyto- 
chrome c reductase was rendered virtually free of FAD by twoacid (NH,) SO, 
precipitations according to the method of Warburg and Christian (27). 
The isolated and purified nitrate reductase was virtually free of FAD, 
which was evidenced by its inactivity in catalyzing the reduction of nitrate 
and its negligible dye-reducing capacity. As can be seen in Fig. 3, A, the 
TPNH eytochrome c reductase after treatment was not able to reduce cyto- 
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chrome c to any appreciable extent without the addition of FAD. With 
added FAD there was a 5.3-fold increase in the rate of cytochrome reduc- 
tion. As illustrated in Fig. 3, B, however, there was only a 1.3-fold in- 
crease in transfer rate when FAD was added to the enzyme. Similar 
results were obtained in studies with nitrate reductase when the rates of 
dye reduction and transfer reaction were compared. It was observed 
that added FAD did not appreciably increase the rate of transfer of elec- 
trons from TPNH to acetylpyridine TPN, but did increase markedly the 
rate of dye reduction. Nitrite formation from nitrate, catalyzed by this 
enzyme preparation, was negligible without added FAD. 


TABLE I 
Effect of p-Chloromercuribenzoate on Transfer Reactions 


The reaction mixtures contained the same concentrations of buffers, electron 
donors, and acceptors as those noted in Figs. 1 and 2, representing the various en- 
zymes in a total volume of 3.0 ml. A final concentration of 2.0 K 10-4 m p-chloro- 
mercuribenzoate was preincubated with the enzyme in phosphate buffer for 5 min- 
utes at 0°. All reactions were started with the respective analogues. 


E Electron do Elect t ~~ - 4 

nzyme nor ron acceptor ri 
TPNH cytochrome c reductase TPNH APTPN* +f 
Nitrate reductase 0 
TPNH diaphorase + 
DPNH ss DPNH APDPN + 
Xanthine oxidase Hypoxanthine + 


* APTPN = acetylpyridine TPN; APDPN = acetylpyridine DPN. 


Effect of p-Chloromercuribenzoate on Transfer Reaction 


As has been previously described (28), p-chloromercuribenzoate inhibited 
the transfer reaction catalyzed by TPNH cytochrome c reductase and the 
DPNH diaphorase. This inhibition was completely reversed with 10-* m 
GSH. In addition, it has been found that p-chloromercuribenzoate will 
also inhibit the catalysis of transfer of electrons from TPNH to acetyl- 
pyridine TPN by the TPNH diaphorase and by xanthine oxidase when 
hypoxanthine and acetylpyridine DPN are used as electron donor and 
acceptor, respectively. The inhibition of the TPNH diaphorase by p- 
chloromercuribenzoate could be reversed with GSH. Similarly, GSH could 
reverse p-chloromercuribenzoate inhibition of the xanthine oxidase catal- 
ysis of transfer of electrons from hypoxanthine to acetylpyridine DPN. 
When DPNH was used as electron donor in the catalysis of the reduction 


% 
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of acetylpyridine DPN by xanthine oxidase, no inhibition by p-chloromer- 
curibenzoate was noted (see Table I). 


DISCUSSION 


It has been demonstrated that FAD enzymes can catalyze a transfer of 
hydrogen or electrons from the naturally occurring coenzymes to the re- 
spective pyridine nucleotide analogues. The results obtained with a variety 
of DPNH- and TPNH-specific enzymes indicated that the reaction was 
specific with regard to both the electron donor and acceptor analogue. 
In addition, it was shown that the non-specific analogue did not inhibit the 
reaction when the specific one was subsequently added to the reaction mix- 
ture. The over-all reaction is indicated by Equation 1 for DPNH-FAD 
enzymes and by Equation 2 for TPNH-FAD enzymes. 


(1) DPNH + acetylpyridine DPN*+ — DPN* + acetylpyridine DPNH 
(2) TPNH + acetylpyridine TPN*+ — TPN* + acetylpyridine TPNH 


Attempts to catalyze the reversal of this reaction with DPNH diaphorase 
with use of acetylpyridine DPNH and DPN as electron donor and acceptor, 
respectively, failed. In view of the more positive potential of the acetyl- 
pyridine DPN-acetylpyridine DPNH system, this reversal would be pre- 
dicted not to occur to any significant extent. 

Although only two FMN enzymes were tested, these and the non-flavin 
dehydrogenases and reductases did not catalyze the transfer reaction. Of 
interest is the fact that, although the Pseudomonas FMN-requiring diaph- 
orase preparation contained the pyridine nucleotide transhydrogenase, 
it did not catalyze the transfer of electrons from DPNH to acetylpyridine 
DPN. The purified transhydrogenase also does not catalyze a transfer 
from DPNH to acetylpyridine DPN. 

In view of the inability to lower appreciably the rate of transfer by re- 
moving FAD from the enzyme, it would appear that FAD is not the inter- 
mediate electron carrier. If this indeed is the case, then it would be plaus- 
ible to propose that the enzyme itself undergoes a reductive phase and then 
passes electrons on to the analogue, as was suggested earlier (28). It 
could be argued that, due to the slow rate of transfer by the two enzymes in 
which this was studied, only a small amount of FAD was necessary in the 
transfer reaction as compared to that required for cytochrome c or dye re- 
duction. This could not be ruled out because technical difficulties pre- 
cluded the removal of all the FAD from the enzymes by any treatment 
used. The possible role of a reduced protein in flavoprotein catalysis will 
be discussed in detail in a subsequent paper. 

It is of interest to note that the enzymes which can use either FAD or 
FMN as a prosthetic group, but are naturally FAD enzymes, in the reduc- 
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tion of dye or cytochrome c catalyze the transfer reaction at a slower rate 
than those which can only utilize FAD. This difference in rate may be due 
to the variation in oxidation-reduction potentials of the enzymes, which 
may be a reflection of their configuration and which depends upon the 
FAD attachment. 

Studies involving p-chloromercuribenzoate inhibition of the various 
FAD enzymes catalyzing the transfer reaction are summarized in Table I. 
All reactions which were inhibited by p-chloromercuribenzoate were found 
to be reactivated by 10-*m GSH. From these results, no typical pattern 
emerged which could suggest some insight into the mechanism of the reac- 
tion. It was thought initially that enzymes which normally could use 
oxygen as an electron acceptor were not inhibited by p-chloromercuriben- 
zoate in catalyzing the transfer reaction. This, however, was not the case, 
as can be seen from using xanthine oxidase with hypoxanthine as electron 
donor. Although hypoxanthine oxidation to uric acid catalyzed by this 
enzyme occurs in the presence of oxygen, the oxidation cf hypoxanthine by 
acetylpyridine DPN was inhibited by p-chloromercuribenzoate. This 
raises the question posed earlier of whether two enzymes with two sub- 
strate specificities are involved in the transfer reaction with this preparation 
of xanthine oxidase. The findings involving p-chloromercuribenzoate 
inhibition of the reaction with hypoxanthine as electron donor compared 
to the lack of inhibition when DPNH was used suggest the involvement of 
two enzymes rather than different substrate sites being located on the 
same enzyme. In this connection, the specificity of highly purified xan- 
thine oxidase would certainly be of interest. 

From the work reported here on the transfer properties of the DPNH 
diaphorase compared to the DPNH cytochrome c reductase, it might be 
suggested that the former is not a degraded cytochrome c reductase, as pro- 
posed by Mahler and Elowe (29), but may be an electron-transferring 
enzyme in vivo. We have found that rat liver mitochondria will catalyze 
this transfer reaction, and it is of interest to speculate that the animal tissue 
transhydrogenases (30) may in actuality be flavoprotein enzymes similar 
to those described here. This possibility is now under investigation. 


SUMMARY 


1. A transfer reaction catalyzed by flavin adenine dinucleotide enzymes, 
and not by flavin mononucleotide enzymes or non-flavin dehydrogenases or 
reductases tested, has been described. The reaction involves the transfer 
of electrons from reduced diphosphopyridine nucleotide or reduced tri- 
phosphopyridine nucleotide to the acetylpyridine analogues of diphospho- 
pyridine nucleotide or triphosphopyridine nucleotide, and the enzymes 
exhibit specificity towards both the donor pyridine nucleotide and the 
acceptor analogue. 
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2. Although only the flavin adenine dinucleotide enzymes appear to 
catalyze this reaction, flavin adenine dinucleotide does not appear, under 
the conditions described, to be the intermediate electron carrier. In view 
of this, it has been suggested that the protein itself is acting as an inter- 
mediate capable of transferring electrons. 

3. The transfer reaction has been studied with regard to p-chloromer- 
curibenzoate inhibition, and it was found that not all of the enzymes 
studied were inhibited. All of the p-chloromercuribenzoate-inhibited en- 
zymes Were readily reactivated with reduced glutathione. 

4. The transfer reaction has been shown not to be identical with the 
Pseudomonas fluorescens transhydrogenase. 

5. The significance of the transfer reactions catalyzed by flavoproteins 
is discussed. 
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Ochoa, Mehler, and Kornberg (2) described an enzyme system from 
pigeon liver which catalyzes the reversible oxidative decarboxylation of 
malic acid according to Reaction 1.! 


l-Malic acid + TPN*t = pyruvic acid + CO; + TPNH + Ht (1) 


This ‘“‘malic’’ enzyme was found in many other animal and plant tissues 
(3). In addition, an adaptive malic enzyme was obtained from Lacto- 
bacillus arabinosus by Korkes and Ochoa (4). This enzyme differed from 
other systems because it specifically required DPN rather than TPN. 

Ochoa et al. (3, 5, 6) have shown that malic enzyme preparations from 
various sources were able to decarboxylate OAA. The reaction had a pH 
optimum from 4.5 to 5 and had no phosphate requirement. It has been 
suggested that the TPN-reducing and OAA-decarboxylating activities 
may reside in the same protein moiety (3, 6, 7). On the other hand, 
Utter et al. (7-9) have succeeded in completely separating an ATP-requir- 
ing oxalacetic carboxylase from the TPN-dependent malic enzyme of 
chicken liver, thereby demonstrating that decarboxylation of OAA can be 
catalyzed by several enzymes. Utter et al. (7) also confirmed the previous 
findings of Ochoa et al. that the malic enzyme in the absence of OAA 
carboxylase and of ATP was able to catalyze the decarboxylation of OAA 
and that TPN exerted a marked stimulatory effect upon this activity. 

In the present study, a malic enzyme has been isolated from Ascaris 
muscle which was free of OAA decarboxylase and lactic dehydrogenase 
activity. The enzyme differs from previously reported systems, since 
(a) it did not catalyze the decarboxylation of OAA and (6) it reacted with 
DPN as well as with TPN. 


* Presented in part at the Forty-seventh annual meeting of the American Society 
of Biological Chemists at Atlantic City (1). This investigation was supported in 
part by the United States Public Health Service, grant No. E-668. The radioactive 
isotope used in these studies was obtained on allocation from the Atomic Energy 
Commission. 

' The following abbreviations are used throughout: adenosine triphosphate, ATP; 
diphosphopyridine nucleotide, DPN; reduced DPN, DPNH; oxalacetic acid, OAA; 
triphosphopyridine nucleotide, TPN; reduced TPN, TPNH; tris(hydroxymethy]) - 
aminomethane, Tris. 
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Materials and Methods 


Ascaris lumbricoides var. suis was obtained from a local slaughter- 
house and transported to the laboratory at room temperature in a phys- 
iological salt solution (10). Muscle strips were collected as described by 
Laser (11) and either used directly or frozen and stored at —20°. No loss 
of malic enzyme activity was detected after storage of the muscle for periods 
of up to several months. 

Lactic dehydrogenase? was prepared from rabbit muscle by the method 
of Kornberg and Pricer (12). The final enzyme solution had a specific 
activity of approximately 200 units per mg. of protein. Glucose-6-phos- 
phate dehydrogenase® was prepared from a xylose-adapted yeast according 
to the procedure of Bueding and MacKinnon (13). Dried brewers’ yeast 
was obtained from the Falstaff Breweries, Inc. The boiled extract was 
prepared according to the method of Saz and Hillary (14). 

OAA was prepared from the commercial sodium salt of the diethyl 
ester by the procedure of Krampitz and Werkman (15) and was crystal- 
lized three times from acetone and benzene. DPNH was prepared by the 
reduction of commercial DPN (Pabst) with hydrosulfite at 100° (16). 
The salts were then separated by ethanol fractionation (17). Radioactive 
sodium bicarbonate was prepared from BaC'O; by the liberation of CO, 
with perchloric acid in an evacuated system containing the calculated 
amount of NaOH. 

Protein was determined turbidimetrically by measuring the optical 
density of a properly diluted aliquot at 420 my in 30 per cent trichloroacetic 
acid, and lactate was determined by the colorimetric method of Barker 
and Summerson (18). Pyruvate was determined by the Friedemann 
and Haugen procedure (19) as well as enzymatically with lactic dehy- 
drogenase (5). Malate was estimated manometrically by measuring the 
quantity of CO. produced in the presence of the components of the malic 
enzyme assay system in which purified fractions of the Ascaris malic 
enzyme were employed. When no further CO, was liberated, sufficient 
H.SO, to give a final concentration of 0.5 m acid was tipped into the mixture 
to liberate the bound CQ,. 

The components and conditions for the assay of Ascaris malic enzyme 
are listed in the legend to Fig. 1. The enzyme was placed in one side arm 
and the H.SQO, in the other. The reaction was stopped, and the bound 
CO, was liberated by the addition of the H,SO, after a 30 minute incuba- 
tion period. C"'™ samples were precipitated as BaC'O;, and the precipi- 

? The authors wish to thank Dr. T. E. Mansour for a generous gift of lactic dehy- 
drogenase. 


’ The authors are indebted to Dr. E. Bueding for a generous supply of glucose-6- 
phosphate dehydrogenase. 
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tate was collected on filter paper disks of finite thickness (20). Samples 
thus obtained were assayed for radioactivity with an end window Geiger- 
Miller counter. 

All other preparations employed in this investigation were obtained 
commercially. 


Results 


Purification of Malic Enzyme—Muscle of A. lumbricoides var. suis was 
obtained as described by Laser (11), cooled, and minced in a beaker sur- 
rounded by chopped ice. The muscle mince was stirred for 1 hour with 4 


TABLE I 
Purification of Ascaris Malic Enzyme 
Fraction Treatment Protein J 
me. units 
O Washings from muscle 900 275 247 , 200 
A Crude homogenate 520 108 56,000 
Ai Supernatant solution following centrifuga- 440 250 110,000 
tion at 25,000 X g 
B Dialysis and centrifugation at 59,310 K g 380 232 88 , 000 
C Ca** treatment followed by pptn. with 75 480 36 ,000 
ethanol (10%) 
D Supernatant solution following treatment 55 637 35,000 
with alumina Cy | 


The starting material was 30 gm. of Ascaris muscle. See the text for detailed 


procedures. 
*1 unit = 1 wl. of CO; evolved in 10 minutes. For the conditions and method of 
assay, see the legend to Fig. 1. 


volumes of 0.04 m Tris buffer, pH 8.9. The mixture was centrifuged at 
1400 X g for 15 minutes. The supernatant fluid was designated as Frac- 
tion O. The residue was homogenized with 3 volumes of the same buffer 
with use of an all glass Potter-Elvehjem homogenizer (Fraction A). This 
homogenate was centrifuged at 25,000 X g for 30 minutes, and the super- 
natant fluid (Fraction A,) was dialyzed in a rocking dialyzer against dis- 
tilled water for 18 hours. The dialysate was centrifuged at 59,310 XK g 
for 1 hour. To the supernatant fluid (Fraction B) 0.1 ml. of 0.1 m CaCl, 
was added per ml. of solution, and the solution was allowed to stand in the 
cold for 2 hours.4 The polysaccharide and protein precipitate which 
formed was removed by centrifugation at 25,000 X< g for 30 minutes. 
Ethanol was added to the supernatant solution to a final concentration of 


‘ The authors wish to thank Dr. L. Pillemer for suggesting this procedure. 
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10 per cent at temperatures ranging from 0° to —5°. After the mixture 
was allowed to stand at —5° for 30 minutes with occasional stirring, the 
precipitate was collected by centrifugation and dissolved in 0.04 m Tris 
buffer (pH 7.5), 0.5 volume of buffer being added per volume of solution 
before the addition of ethanol (FractionC). To eachml. of Fraction C was 
added 0.1 ml. of alumina gel Cy (2.2 mg., dry weight, per ml.) (21). The 
mixture was stirred for 2 minutes, allowed to stand for an additional 5 
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Fic. 1. Rate of CO, formation from malate by Ascaris malic enzyme. The flasks 
contained 20 umoles of l-malate; 2 umoles of MnCl.; 1 wmole of DPN; 40 uwmoles of 
Tris buffer, pH 7.5; 18 units of lactic dehydrogenase; 0.05 ml. of enzyme Fraction C; 
0.5 mmole of H,SO, in the side arm. Total volume, 1.0 ml.; flasks were shaken at 
37° under Nz. 

Fic. 2. The effect of enzyme concentration on CO; production. The flasks con- 
tained 20 umoles of l-malate; 2 umoles of MnCl,; 1 wmole of DPN; 80 umoles of Tris 
buffer, pH 7.5; 18 units of lactic dehydrogenase; enzyme Fraction B as indicated; 
0.5 mmole of H:SO, in the side arm. Total volume, 1.0 ml.; flasks were shaken at 
37° under No. 


minutes, and centrifuged; the activity of the enzyme was recovered in the 
supernatant solution (Fraction D). With the exception of the ethanol 
fractionation, all operations were performed between 0-4°. 

The yields and specific activities of the fractions of the Ascaris malic 
enzyme are recorded in Table I. It can beseen that a large portion of the 
total malic enzyme activity is extracted from the muscle by washing 
(Fraction O). Since this fraction contained high lactic and malic dehy- 
drogenase activities, separation of the latter from the malic enzyme proved 
difficult. Therefore, no attempt was made to purify this fraction. The 
crude homogenate (Fraction A) apparently contained an inhibitor of the 
malic enzyme, since upon centrifugation (Fraction A) there was almost 


4 
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a 2-fold increase in the total activity of the preparation. Fraction D 
represented an approximate 6-fold purification of the crude homogenate. 

CO. Production from Malate—Fig. 1 shows the rate of malate decarboxy- 
lation by enzyme Fraction C. The reaction rate was linear for approxi- 
mately 45 minutes. The proportional relationship between the amount 
of CO. produced from malate and the concentration of enzyme (Fraction 
B) is recorded in Fig. 2. The relationship was linear up to 0.08 ml. of 
enzyme per ml. of reaction mixture. The pH optimum for the reaction 
varied considerably with the preparation employed. In most instances 
maximal activity was obtained between pH 7.5 and 8.5. 

Stoichiometry of Reaction—The products formed from malate (derived 
from fumarate through the fumarase present) by the crude homogenate 
(Fraction A;) are recorded in Table II. The 2,4-dinitrophenylhydrazone 


TaBLeE II 
Products Formed from Fumarate by Washed Ascaris Muscle Homogenate 
Product Amount 
pmoles 


The flask contained 40 umoles of fumarate, 2 umoles of MnCl2, 1 wmole of DPN, 
160 umoles of Tris buffer, pH 7.5, 0.6 ml. of enzyme Fraction A, 0.5 mmole of H:SO, 
intheside arm. Total volume, 2.0 ml.; flasks shaken 90 minutes at 37°; gas phase N:. 


of the keto acid formed was chromatographed on paper (22), and two 
spots were obtained, the Rr values of which corresponded to the two isomers 
of known pyruvate 2 ,4-dinitrophenylhydrazone. 

As in the case of the crude malic enzyme systems described by Ochoa 
(3), the crude preparations of Ascaris muscle formed large amounts of 
lactate, but relatively small quantities of pyruvate were always demon- 
strable. Lactic dehydrogenase activity was present in the crude prep- 
arations. 

Upon purification of the enzyme system, the ratio of pyruvate to lactate 
increased. Fraction D contained no lactic dehydrogenase as assayed 
spectrophotometrically. Table III summarizes the results of balance 
studies in the absence of added lactic dehydrogenase. While under these 
conditions the reaction proceeded at a much slower rate, no lactate was 
formed. Formation of DPNH in Experiment 1 was followed spectrophoto- 
metrically at 340 my. After 7 minutes the contents of the cuvette were 
placed immediately in a boiling water bath to stop further enzyme activity. 
Pyruvate was then determined on an aliquot of the boiled mixture by assay 
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with lactic dehydrogenase. These data demonstrate that equivalent 
amounts of pyruvate and DPNH were formed by the reaction. 
Experiment 2 confirmed these findings. In this instance the reaction 
was conducted in the Warburg apparatus as indicated (Table III). The 
reaction was stopped by immersing the vessel in an ice bath. DPNH was 
estimated by measuring the increased optical density at 340 my over the 
endogenous optical density. Pyruvate was determined colorimetrically 
(19). Experiment 3 (Table III) shows the balance between the disappear- 
ance of malate and the formation of CO, and of pyruvate. Malate was 


Taste III 
Balance Studies in Absence of Lactic Dehydrogenase 
Reaction flask Duration Substrate or product 
min. pmoles 
1 Beckman cell 7 Initial malate 5.0 
Pyruvate formed 0.080 
DPNH formed 0.075 
2 Warburg vessel 25 Initial malate 40.0 
Pyruvate formed 5.0 
DPNH formed 4.7 | 
3 Warburg vessel 100 Initial malate 4.0 
Final malate 0.4 
CO; formed 3.5 
Pyruvate formed 3.6 


In Experiment 1, the cell contained 1 wmole of MnCl, 8 wmoles of Tris buffer, pH 
7.5, malate as indicated, 0.01 ml. of Fraction D. Total volume, 1.0 ml. In Experi- 
ments 2 and 3, the vessels contained 4 wmoles of MnCl:, 6 umoles of DPN, 16 uwmoles 
of Tris buffer, pH 7.5, malate as indicated, 0.4 ml. of Fraction D, 0.5 mmole of H.SO, 
in the side arm. Total volume, 2.0 ml.; vessels shaken at 37°; gas phase N>. 


determined by assay with Ascaris malic enzyme. It is concluded from 
these data that the Ascaris malic enzyme catalyzes the following reaction 


l-Malate + DPN* = pyruvate + CO, + DPNH + Ht (2) 


Cofactor Requirements and Substrate Specificity—Data pertaining to the 
cofactor requirements and the substrate specificity of the Ascaris malic 
enzyme are recorded in Table IV. Prior to purification (Experiment 1), 
extracts of the muscle contained fumarase and lactic dehydrogenase in 
excess. Therefore, enzyme Fraction A; was equally active on malate or 
fumarate. In the absence of a suitable source of cofactor, such as an ex- 
tract of boiled brewers’ yeast, the activity was very low. DPN not only 
replaced boiled brewers’ yeast, but also stimulated the activity to a greater 
extent. It should be noted that TPN was approximately one-third as 
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active as DPN. The addition of both DPN and TPN had no greater 
stimulatory effect than that of DPN alone. In these experiments, the 
cofactors were always added in excess. Increased concentrations of the 
cofactors did not appreciably alter the reaction rate. Experiment 2 
(Table IV) illustrates that purified preparations were almost devoid of 
fumarase and lactic dehydrogenase activity. However, even our purest 
preparations contained a slight fumarase activity. The substrate required 
by the enzyme was /-malate, the d isomer being inactive. Manganese 


TaBLe IV 
Cofactor and Substrate Requirements of Ascaris Malic Enzyme 
Experiment No. Substrate Additions COs per 30 min. 
pl. 
1 Fumarate None 18 
” Boiled brewers’ yeast 127 
DPN 170 
= TPN 59 
“ DPN + TPN 174 
dl-Malate 167 
2 l-Malate Complete 106 
Fumarate 14 
d-Malate 8 
l-Malate No Mn** 15 
Mg** in place of Mn** 68 
No lactic dehydrogenase 23 


All the flasks in Experiment 1 contained 2 wmoles of MnCl, 40 uwmoles of sub- 
strate, 160 umoles of Tris buffer, pH 7.5, 0.6 ml. of enzyme Fraction A, where indi- 
cated, 1 umole of DPN and 1 umole of TPN or 0.16 ml. of boiled brewers’ yeast. Total 
volume, 2.0 ml. The complete system of Experiment 2 consisted of 2 uwmoles of 
MnCl., 20 umoles of substrate, 80 umoles of Tris buffer, pH 7.5, 1 umole of DPN, 18 
units of lactic dehydrogenase, 0.05 ml. of enzyme Fraction C, 2 wmoles of MgCls, 
where indicated. Total volume, 1.0 ml.; all vessels shaken at 37°; gas phase Ns. 


was essential for optimal activity, but could be replaced partially by an 
equivalent concentration of magnesium. Slow, but significant, activity 
was observed in the absence of added lactic dehydrogenase. 

The relative non-specificity of the enzyme for DPN and TPN was in- 
vestigated further. Lactic dehydrogenase can react slowly with TPN 
(23, 24). Therefore, it seemed possible that the relative activities of these 
cofactors with the Ascaris malic enzyme under the conditions of the assay 
merely reflected the activities of lactic dehydrogenase. This possibility 
was tested experimentally by determining the effects of DPN and TPN 
with purified enzyme in the absence of added lactic dehydrogenase. The 
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results of these experiments are recorded in Fig. 3. The enzyme fraction 
employed was found to be free from lactic dehydrogenase activity, and no 
lactic dehydrogenase was added to the incubation mixture. Under these 
conditions, TPN was one-half to one-third as active as DPN in stimulating 
CO, production from malate by the enzyme system. A similar ratio 
was found under all experimental conditions employed. 

No evidence was found which would indicate a conversion of TPN into 
DPN by the enzyme preparation. This possibility was tested by incu- 
bation of TPN with the enzyme. After incubation for 30 minutes, the 
TPN added was reduced quantitatively by the addition of glucose-6-phos- 
phate and glucose-6-phosphate dehydrogenase. After reduction of TPN 


90 


i 30 50 7 

TIME (MIN) 
Fic. 3. Activity of Ascaris malic enzyme with either DPN or TPN. The flasks 
contained 20 umoles of malate; 2 umoles of MnCl.; 3 wmoles of either DPN or TPN 
as indicated ; 80 umoles of Tris buffer, pH 7.5; 0.1 ml. of enzyme Fraction C; 0.5 mmole 
of H.SO, in side arm. Total volume, 1.0 ml.; flasks were shaken at 37° under N2. 


(determined spectrophotometrically) was completed, ethanol and alcohol 
dehydrogenase were added in order to determine any DPN which might 
have been formed. No increase in optical density at 340 my was noted 
under these conditions. However, upon addition of DPN at the end of 
the experiment, there was an immediate increase in optical density at 340 
my. Therefore, no demonstrable conversion of TPN to DPN by the 
enzyme preparations had occurred. In addition, these assays demon- 
strated that the TPN used was free from contaminating DPN. If the 
enzyme preparation contained two different malic enzymes, one specific 
for DPN and the other for TPN, data similar to those of Fig. 3 would be 
expected. This possibility seems unlikely since the ratio of DPN to TPN 
activity remained constant at all stages of purification of the enzyme and 
upon partial inactivation by heat as well as between pH 5 and 9. AIl- 
though final evaluation of this possibility must await further purification, 
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the available data indicate strongly the presence of a single malic enzyme 
in Ascaris muscle. 

Oxalacetic Decarboxylase Activity—The absence of oxalacetic decarboxy- 
lase activity in the purified Ascaris malic enzyme preparation is indicated 
by the data recorded in Table V. Attempts were made to detect enzymatic 


TABLE V 


Oxalacetic Decarborylase Activity of Partially Purified 
Ascaris Malic Enzyme Fractions 


Enzyme fraction Buffer System 
pl. 
1 D Tris, pH 7.5 Complete; malate as substrate | 194 
2 Boiled C 210 
C 7.5 205 
3 Boiled D + 5 wumoles AT 236 
D “75 + 5 237 
C 7 5 sé + 5 171 


5 Boiled D Phosphate, pH 7.4 | 2.5 wymoles ATP; no lactic dehy- | 180 
drogenase; no DPN 


D 74 | 2.5 pmoles ATP; no lactic dehy- | 174 
drogenase; no DPN 

6 Boiled C Acetate, pH 5.1 Complete 101 

C 5.1 104 

7 Boiled C §.1 + 5 wmoles ATP 140 

C sé 5.1 + 5 143 


The complete system consisted of 2 wymoles of MnCl2, 1 umole of DPN, 18 units of 
lactic dehydrogenase. The vessel in Experiment 1 contained 20 wmoles of malate. 
In all other experiments, 40 wmoles of oxalacetate neutralized to pH of buffer were 
employed as the substrate. The vessels contained 80 uwmoles of indicated buffer, 
0.1 ml. of enzyme fraction, and 0.5 mmole of H.SO, in the side arm. Total volume, 
1.0 ml.; vessels shaken for 30 minutes at 37°; gas phase N:>. 


decarboxylation of OAA at pH 7.5 and at pH 5.1, with or without ATP, 
DPN, and lactic dehydrogenase. In no instance was there a significant 
evolution of CO, above that of the boiled enzyme contained in the control 
vessel. These data indicate another possible difference between the Ascaris 
enzyme on the one hand and the mammalian, plant, and bacterial systems 
on the other. All previously described malic enzyme preparations have 
the ability to decarboxylate OAA between pH 4 and 5. This OAA decar- 
boxylating activity is not dependent upon the presence of ATP or phos- 
phate and has been considered as an integral property of the malic enzyme 
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protein (3, 7). However, a final answer to this question must await further 
purification of the enzyme. 

CO, Fixation Studies—To determine whether the Ascaris malic enzyme 
catalyzed the reverse reaction, i.e. the fixation of CO, into malate, the 
enzyme system was incubated in the presence of malate and NaHCO). 
The reaction mixture was made up to 2 ml. in a Warburg vessel and was 
shaken anaerobically for 30 minutes. The reaction was stopped by the 
addition of sulfuric acid. Excess CO, was diluted out by three separate 
additions of 20 wmoles of non-isotopic sodium bicarbonate. After each 
addition, the solution was aerated for 20 minutes with 95 per cent nitro- 
gen-5 per cent CO. The CO, from the final wash was collected in sodium 
hydroxide and was found to be free from radioactivity. The reaction mix- 


TaBLe VI 
Fization of CO, into Malate and Oralacetate by Ascaris Malic Enzyme 
Experiment No. | Substrate pH 
c.p.m. pmoles pmole 
1 Malate 7.5 1730 31.2 0.05 
2 OAA 7.5 47 22.4 
3° 5.1 74 32.3 


Each vessel contained 13.3 wmoles of NaHCO; with 34,800 c.p.m. per umole, 4 
pmoles of MnCl, 2 umoles of DPN, 36 units of lactic dehydrogenase, 0.2 ml. of en- 
zyme Fraction C, 0.5 mmole of H2SO, in the side arm; where indicated, 40 umoles of 
Tris buffer. The vessel of Experiment 3 contained 24 wmoles of acetate buffer. 
Total volume, 2.0 ml.; flasks shaken 30 minutes at 37°; gas phase No. 


ture was then neutralized and divided into three aliquots. In one aliquot, 
malate was determined by the use of the Ascaris malic enzyme. Malate 
present in the second aliquot was decarboxylated in a similar manner, but 
CO,.-free alkali was placed in the center well to trap the carbon dioxide 
evolved. This sample of CO, was plated out as barium carbonate and 
assayed for radioactivity as described under ‘Materials and methods.” 
The third aliquot was treated in the same manner as the second, except that 
boiled malic enzyme was employed. This served as a control vessel. No 
radioactivity was found in the carbon dioxide evolved from this mixture. 

It can be seen from Experiment 1, Table VI, that a small but significant 
amount of C“O, was fixed into malate. Therefore, under these conditions 
the reaction was reversible to a significant extent. 0.05 umole of C%0; 
was fixed. However, this is a minimal figure based upon the initial spe- 
cific activity of the NaHC™O;. Since 13.3 umoles of radioactive sodium 
bicarbonate were added and approximately 9 umoles of malate disappeared, 
a considerable dilution of the radioactive bicarbonate probably occurred. 
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This dilution factor was not taken into account in the calculation of the 
amount of carbon dioxide fixed into the carboxy] group of malate. 
Experiments 2 and 3, Table VI, were carried out under conditions similar 
to those of Experiment 1. The aeration procedures were the same. OAA 
was estimated by decarboxylation with Al+++ according to the procedure 
of Krebs and Eggleston (25). A separate aliquot of the mixture was de- 
carboxylated with Al***, the carbon dioxide evolved being trapped in 
sodium hydroxide, plated as barium carbonate, and the radioactivity 
determined. The quantity of carbon dioxide which was fixed into OAA 
at either pH 7.5 or pH 5.1 was very small and of doubtful significance. 
The isotope incorporated into_the carboxyl group of OAA was of such a low 
order of magnitude that the samples which were counted were only slightly 
above the background count. The small amount of isotope which appeared 
in OAA may be accounted for by the presence of a trace amount of malic 
dehydrogenase in the Ascaris malic enzyme preparations employed. 


DISCUSSION 


A. lumbricotdes is a parasitic intestinal helminth which possesses a pre- 
dominantly anaerobic metabolism. The adult organism contains no 
demonstrable cytochrome c or cytochrome oxidase systems (26). Despite 
the apparent lack of a cytochrome system, Bueding et al. (27) have par- 
tially purified a potent succinic dehydrogenase from the muscle of these 
helminths. Bueding and Farrow (28) recently demonstrated the presence 
of large amounts of succinate in the perienteric fluid of Ascaris. No other 
dicarboxylic acids were detected. The activity of the fumarate decar- 
boxylating system described in this report (fumarase and the malic enzyme) 
was sufficiently high to account for the complete removal of any fumarate 
which may be released into the perienteric fluid by the action of succinic 
dehydrogenase. The physiological function of succinic dehydrogenase 
and the malic enzyme in the metabolism of the adult helminth is not known 
at the present time. 

Several important differences seem to exist between the Ascaris malic 
enzyme and all other previously reported malic enzyme systems. At- 
tempts to demonstrate the presence of this enzyme in mammalian muscle 
have failed (29). In addition, all previously reported malic enzymes 
have an absolute cofactor requirement for either TPN or DPN. The data 
presented in this report indicate that the Ascaris enzyme reacts optimally 
with DPN, but is still capable of reacting with TPN at an appreciable rate. 
Since this effect can be demonstrated in preparations which are free from 
lactic dehydrogenase, the lower activity with TPN cannot be attributed 
to lactic dehydrogenase. 

The most striking difference between Ascaris and other malic enzymes 
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is that the helminth enzyme is free from oxalacetic decarboxylase activity 
regardless of the pH or the presence or absence of ATP. Although there 
is no apparent reason why other malic enzymes should possess the ability 
to decarboxylate OAA at pH 5, this has been a characteristic feature of 
these systems. Whether or not this lack of OAA decarboxylase activity 
represents an exceptional property of the helminth enzyme cannot be 
answered until further purification studies with other malic enzyme sys- 
tems have been carried out. 


SUMMARY 


1. Muscle of Ascaris lumbricoides var. suis contains a ‘‘malic’”’ enzyme. 
A purified fraction of this enzyme was free from lactic dehydrogenase. 

2. Unlike other malic enzymes, the Ascaris system reacted optimally 
with DPN, but also was one-third to one-half as active with TPN. 

3. The Ascaris malic enzyme was devoid of oxalacetic decarboxylase 
activity, regardless of the pH and the presence or absence of ATP. 


The authors wish to express their indebtedness to Dr. Ernest. Bueding 
for his many helpful suggestions, and to Mrs. Marion K. Armstrong for 
technical assistance. 
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p-HYDROXYPHENYLPYRUVATE OXIDASE OF LIVER* 


By SALLY E. HAGER,{ R. I. GREGERMAN,}{ ano W. EUGENE KNOX 


(From the Cancer Research Institute, New England Deaconess Hospital, and the 
Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, August 17, 1956) 


The first intermediate of tyrosine metabolism in liver, p-hydroxyphenyl- 
pyruvate, is formed by transamination (1) and is oxidized to homogentisic 
acid by a single enzyme, p-hydroxyphenylpyruvate (pHPP) oxidase (2). 
Previous investigation of the reaction in crude liver systems had shown a 
requirement for certain reducing agents such as ascorbic acid (3, 4). More 
recently La Du and Zannoni reported a requirement for catalase by the 
partially purified enzyme from dog liver (5-7). Because of our interest 
in an enzyme which appeared to catalyze several sequential reactions, we 
have partially purified pHPP oxidase and studied its properties. Our re- 
sults show that the reactions of the substrate (ring hydroxylation and mi- 
gration and oxidative decarboxylation of the side chain, as shown in the 
accompanying formula) are apparently catalyzed simultaneously by a sin- 


ii CH, - COOH 
+C0, 


gle enzyme. ‘The reaction could not be dissociated into more than one 
step and was not a coupled oxidation involving peroxide. The enzyme was 
an oxidase, most closely resembling in its properties the copper enzymes, 
ascorbic acid oxidase and tyrosinase. Ascorbic acid and catalase acted 
merely to protect the enzyme against inactivation in the usual assay sys- 
tem. 


EXPERIMENTAL 


Purification of p-Hydroxyphenylpyruvate Oxidase—Substantially similar 
preparations were made from beef and pig liver. The procedure used with 


* This investigation was supported by Grant A567 from the National Institute of 
Arthritis and Metabolic Diseases, United States Public Health Service, and by the 
United States Atomic Energy Commission contract No. AT(30-1)-901 with the New 
England Deaconess Hospital. 

t Research Fellow of the Institute of Arthritis and Metabolic Diseases, United 
States Public Health Service. 

t Present address, National Heart Institute, Section on Gerontology, National 
Institutes of Health, Baltimore City Hospitals, Baltimore 24, Maryland. 
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pig liver is described below. ‘The yields and specific activities of the frac- 
tions are given in Table I. 

Fraction I, pH 5 Extract—F¥resh or frozen liver was passed twice through 
a meat grinder and mixed with 2 volumes of distilled water containing 500 
mg. of pancreatin per kilo of liver. The mixture stood at room tempera- 
ture for 1 hour, then was cooled below 8° during an additional 20 minute 
period. The pH was brought to 5.1 to 5.2 by the addition of about 10 ml. 
of 6 N acetic acid per kilo of liver. After standing for 4 hour the mixture 
was filtered overnight at 4°. The activity in this clear extract was stable 
at 4° for 1 week. The remaining fractions were stable at —9° for as long 
as 6 months. 

Fraction II, 10 to 20 Per Cent Ethanol Precipitate—The enzyme was first 
precipitated in 25 per cent ethanol at pH 5.1 to 5.2 and 0°. The precipi- 
tate was allowed to settle overnight at —9° and then centrifuged and re- 


TABLE I 
Activity of p-Hydrozyphenylpyruvate Oxidase in Fractions from Pig Liver 
Activity, les 

Fraction No. Total volume pHPP per ‘ml. 10 Yield 
ml per cent 

I 4300 2.1 0.057 100 

II 300 11.8 0.168 38 

III 80 18.3 1.03 16 

IV 12 50.0 2.8 7 


dissolved in 0.03 mM sodium acetate to approximately one-fifth the original 
volume. The active fraction was reprecipitated between 10 and 20 per 
cent ethanol without any pH adjustment, after determining the initial 
ethanol concentration from the freezing point. The dissolved precipitate 
was dialyzed against 0.03 m sodium acetate for 24 hours at 4°. 

Fraction III, Ammonium Sulfate Precipitate (50 to 63 Per Cent Satura- 
tion)—Fraction II was diluted to a protein concentration of 40 to 50 mg. 
per ml., and the enzyme was precipitated between 50 and 63 per cent satu- 
ration with ammonium sulfate at 4°. This precipitation was repeated, 
allowing for the ammonium sulfate concentration of the dissolved precipi- 
tate, determined from its freezing point (—1.5° for 10 per cent, —3.0° for 
20 per cent saturation). The enzyme was then dialyzed for 24 hours in 
the cold against 0.03 m sodium acetate. 

Fraction IV, Chloroform-Ethanol Treatment—To Fraction III at pH 6.7 
to 6.8 and 0° was added 0.35 volume of a solution containing 2 parts of 
chloroform and 5 parts of ethanol. The mixture was allowed to stand for 
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15 minutes and then centrifuged at —5°. The enzyme was precipitated 
from the supernatant fraction by the addition of 0.05 volume of 0.1 N acetic 
acid. After the mixture had stood for 15 minutes, the precipitate was col- 
lected by centrifugation at —5°, dissolved in 0.03 m sodium acetate, and 
dialyzed for 24 hours against 0.03 m sodium acetate. 

Chemical Compounds and Analyses—pHPP (‘test acid,” Homburg 
Chemiewerk, Frankfurt-on-the-main, Germany) and homogentisic acid 
(Sigma Chemical Company) were obtained commercially. 2,5-Dihydroxy- 
phenylpyruvic acid was synthesized as the lactone and hydrolyzed im- 
mediately before use by the methods of Neubauer and Flatow (8). The 
other phenylpyruvic acids were also synthesized by this method or that of 
Herbst and Shemin (9). 

The amounts of homogentisic acid and pHPP in the reaction mixtures, 
deproteinized by the addition of 0.5 ml. of 20 per cent metaphosphoric acid, 
were determined spectrophotometrically from the optical densities (O. D.) at 
260 and 290 my as follows: micromoles of homogentisic acid per ml. = 0.310 
O. D.299 — 0.342 O. D.269; micromoles of pHPP per ml. = 0.866 O. D.269 — 
0.105 O. D.299. pHPP was determined chemically in the same metaphos- 
phoric acid filtrate by a modification of the Millon reaction (10), the color . 
at 480 my being read exactly 15 minutes after nitrite addition. Homogen- 
tisic acid was determined chemically in the filtrate by the specific iodine 
titration micromethod of Neuberger (11). 

Enzyme Assays—The enzyme was assayed manometrically in the pres- 
ence of air, 0.067 m sodium phosphate buffer, pH 6.2, 0.25 umole of 2,6- 
dichlorophenol-indophenol (DCPP), and 10 uwmoles of reduced glutathione 
(GSH) in a total volume of 3.0 ml. with alkali in the center well. 6 umoles 
of pHPP were tipped in from the side arm at the start of the reaction. 
The rate after the first 3 minutes was linear for approximately 45 minutes. 
The reaction was followed at 5 minute intervals to completion. The rate 
of oxygen uptake in a duplicate reaction mixture without enzyme was sub- 
tracted before calculating the enzyme activity. Activity was expressed as 
micromoles of pHPP oxidized (micromoles of Oz consumed) per ml. of en- 
zyme in 10 minutes. None of the preparations described contained suffi- 
cient homogentisate oxidase to alter the stoichiometry of the reaction sig- 
nificantly. The activity was proportional to enzyme concentration when 
the rate of oxygen uptake was between 10 and 60 wl. per 10 minutes. Occa- 
sional preparations showed less than the expected activity at low enyzme 
concentration. Full activity could be obtained with these preparations 
when 30 y of catalase were present in the assay system, as indicated by the 
findings of La Du and Zannoni (5-7). 

The spectrophotometric assay for the pHPP oxidase! was carried out 


‘Lin, E. C. C., unpublished method. 
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under milder conditions of temperature, substrate concentration, and aera- 
tion than the manometric assay. Enyzme was added at zero time to a 
1 cm. quartz Beckman cuvette containing 0.25 umole of pHPP and an ex. 
cess (k = 1) of purified phenylpyruvate keto-enol tautomerase (12) in 0.42 
M boric acid-0.17 m phosphate, pH 6.2, to make a total volume of 3.0 ml. 
The disappearance of pHPP was followed by readings of the optical density 
at 308 my against the same reaction mixture without substrate. The tem- 
perature was maintained at 25° + 1°. The sensitivity of the assay de- 
pended on the presence of a large part of the substrate as the highly absorb- 
ing enol-borate, giving for the equilibrium mixture an é303 m, = 10,200. 
The reaction rate was linear with time, proportional to enzyme concentra- 
tion, and equal to the rate for the manometric reaction at the same pH and 
temperature. 


= 
x x - 
ao 
50+ - 
S 

4 
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40 45 50 55 60 65 70 
pH 


Fic. 1. pH-activity curve of pHPP oxidase (Fraction III). The activity was 
measured 5 to 25 minutes after tipping in the substrate. The buffers indicated were 
present in 0.067 M concentration except for borate (0.17 M). 


Properties of Enzyme 


pH Optimum, Stability, and Temperature Coefficient—As shown in Fig. 1, 
the enzyme showed little change in activity at pH concentrations between 
5.5 and 7.0, but its activity decreased sharply at lower pH values. The 
activity appeared to be unaffected by the four different buffers used. At 
37° the enzyme was moderately stable between pH 5 and 8. It showed 
maximal stability to heat at pH 5.5 and was completely destroyed at 60° 
in 5 minutes at any pH. The enzyme reaction showed an unusually high 
temperature coefficient of 6.2 per 10° temperature rise between 25° and 
37°. 

Specificity of pH PP Oxidase—The only compound oxidized at an appre- 
ciable rate by pHPP oxidase was pHPP. p-Methoxyphenylpyruvate, 
o-hydroxyphenylpyruvate, p-hydroxybenzoate, p-hydroxyphenylacetate, 
p-hydroxyphenylpropionate, 2,5-dihydroxyphenylpyruvate, and the lac- 
tone of 2,5-dihydroxyphenylpyruvate were not oxidized, nor did they 
inhibit the oxidation of pHPP when present in equimolar amounts. m-Hy- 
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droxyphenylpyruvate, p-hydroxybenzaldehyde, and 2,4-dihydroxyphenyl- 
pyruvate were not oxidized by the enzyme and in equimolar amounts 
inhibited the oxidation of pHPP at least 50 per cent. No oxidation of 
phenylpyruvate was detected with a 20-fold excess of enzyme. Equimolar 
amounts of phenylpyruvate completely inhibited the oxidation of pHPP. 
Stoichiometry—Typical stoichiometric results with the reaction of the 
purified enzyme, the amounts of pHPP and O, used, and the homogentisate 
formed at two substrate levels are given in Table II, and the equivalence 
and simultaneity of the O. uptake and the CO, evolution are presented in 
Fig. 2. Throughout purification of the enzyme and with all alterations of 
the experimental conditions, the reaction given above was verified. 
Homogentisic acid was measured as the product of the reaction by both 


TABLE II 
Stoichiometry of p-Hydrozyphenylpyruvate Oxidation 


The changes in concentration of p-hydroxyphenylpyruvate, homogentisate, and 
QO. (in micromoles) were measured as described in the text after 50 minutes incuba- 
tion of pHPP with enzyme Fraction IV. 


Initial amount of pHPP 
6.0 umoles 12.0 umoles 
ApHPP, Millon reaction. ................... —5.1 —6.7 
 spectrophotometric................ —6.0 —6.6 
A homogentisate, iodine titration........... +5.0 +6.3 
spectrophotometric........ +5.0 +6.3 


the spectrophotometric and iodine titration methods, and its identity was 
confirmed by its oxidation with purified homogentisate oxidase (13), by 
chromatography in two different solvents, and by the melting point of the 
isolated lead salt. Unknown compounds, and particularly 2 ,5-dihydroxy- 
phenylpyruvate, were not detected, even when reaction mixtures which 
had not gone to completion were studied by these methods. 

Affinity for Oxygen—pHPP oxidase required relatively small concentra- 
tions of oxygen for nearly maximal activity. The enzyme was fully active 
in 20 per cent oxygen, 85 per cent active in 5 per cent oxygen, and 30 per 
cent active in only 1 per cent oxygen. 

Although DCPP and, to a lesser extent, methylene blue activated pHPP 
oxidase under certain conditions which will be described below, they could 
not substitute for O2 when the oxidation of pHPP by dyes was attempted 
in evacuated Thunberg tubes. Ferricyanide could not be tested as a hy- 
drogen acceptor, since in amounts necessary for assay it completely in- 
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hibited pHPP oxidase. Neither diphosphopyridine nucleotide nor tri- 
phosphopyridine nucleotide in oxidized or reduced form affected the 
activity of the enzyme. 

Inhibitors—pHPP was relatively insensitive to metal complex-forming 
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MINUTES 
Fic. 2. Correlation of oxygen uptake and CO: evolution by partially purified 
pHPP oxidase (Fraction III). The assays were in 0.067 m acetate buffer, pH 5.5, 
which prevented CO: retention but caused slowing of the reaction. Oxygen uptake 
was measured in 100 per cent oxygen with alkali in the center well. COs: evolution 
was measured in a parallel experiment with a gas phase of 95 per cent oxygen and 5 
per cent CO, and no alkali in the center well, with correction for the oxygen uptake. 


TaBLe IIT 
Effects of Metal Complez-Forming Agents 
Reagent Concentration in assay Per — 
M 

Diethyldithiocarbamate..................... 10-4 60 
CO in O2 (75% CO, 25% O2,indark).......... 100 

Phenylthiourea, Versene, or fluoride......... | 10-2 100 + 10 
| 10-2 120 


agents with the exception of diethyldithiocarbamate and sodium azide 
(Table III). Inhibition by these two compounds was equally complete in 
both the manometric and spectrophotometric assays. Although these find- 
ings were consistent with the hypothesis that pHPP was a copper enzyme, 
no additional evidence for this was obtained. Activity was not lost on 
dialysis or gained by addition of cupric or ferrous salt, and, although cop- 
per was the principal heavy metal found in the enzyme preparation, it has 
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not yet been possible to correlate the copper content with the specific ac- 
tivity of the purest preparations. 

Inhibitions by various sulfhydryl reagents and reversal of mercuric ion 
inhibition by GSH (Table IV) indicated that pHPP oxidase contained es- 
sential sulfhydryl groups. The requirement for GSH for optimal activity 
of the enzyme in the presence of DCPP was attributed to the protection of 
sulfhydryl groups on the protein molecule by GSH. 

Role of Peroxide—The utilization of 1 molecule of oxygen in this reaction 
suggested the possibility of the intermediate formation of peroxide by a 
reaction mechanism analogous to that proposed for the tryptophan peroxi- 
dase-oxidase reaction (14). La Du and Zannoni also suggested that the 
mechanism of the reaction involved peroxidation in order to account for 
their finding of the catalase requirement of the system (6, 7). However, 


TaBLeE IV 
Effects of Sulfhydryl Reagents on pHPP Oxidase Activity 
Reagent Concentration in assay ats... 
M 

p-Chloromercuribenzoate................... 1 X 58 
Mercuric chloride........................... 7X 10-4 21 
7 > 4 107-4 66 

AGSH® 5 xX 10-3 
N-Ethylmaleimide.......................... 2X 10-3 59 


* GSH was added after the inhibition by Hg** was established. 


addition of 1 m ethanol and 1 mg. of catalase, as a very efficient trap of 
peroxide (15) by the coupled oxidation reaction (16), did not result in de- 
tectable oxidation of the ethanol, nor did it slow the reaction or alter its 
stoichiometry. In fact, ethanol addition increased the rate of pHPP oxi- 
dase to 130 to 160 per cent of the control activity. From this result it 
appeared unlikely that peroxide either was a product of the reaction or 
was formed stoichiometrically as a transient intermediate. The probable 
generation of trace amounts of peroxide by side reactions during the mano- 
metric assay was not excluded by these findings. Finally, peroxide gener- 
ated during the reaction by added glucose oxidase and glucose? at rates up 
to the rate of pHPP oxidation in the system did not increase pHPP oxida- 
tion (Table V). Peroxide was apparently not required in the reaction, and, 
since it did not replace DCPP in the reaction, the role of DCPP was evi- 


* Auerbach, V. H., unpublished method. 
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dently not that of forming peroxide by reversible oxidation-reduction in 


alr. 
TABLE V | 
Effect of Enzymically Generated Perozide 
pHPP oxidized in 35 min. 
Peroxide-generating system + catalase* —— 
No DCPP DCPP DCPP + GSH 

1.7 4.8 5.6 


The figures are in micromoles obtained by the Millon reaction. 

* Purified glucose oxidase, with 0.1 m glucose and 10 y of crystalline beef liver 
catalase, was added in sufficient amount to generate about 6 uwmoles of H:0: during 
the reaction period. 
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Fic. 3. The effect of catalase on the activity of pHPP oxidase in the manometric 
assay. The activity of 0.1 ml. of enzyme from a dog liver preparation (5), containing 
0.1 y of catalase activity (17), was compared with (O) and without (X) the addition 
of 200 7 of catalase. 

Fic. 4. Absence of a catalase effect on the activity of pHPP oxidase in the spec- 
trophotometric assay. The activity of 0.1 ml. of the enzyme preparation of Fig. 3 
was compared with (©) and without (X) the addition of 80 y of catalase. The tau- 
tomerase used was free of catalase (12). The activity of the enzyme was the same 
as that in the assays in Fig. 3, when corrected for the temperature coefficient of 6.2 
for 10°. 


Role of Catalase—The requirement for catalase in the manometric assay 
of pHPP oxidase reported by La Du and Zannoni was confirmed with prep- 
arations of the enzyme from dog liver containing only traces of catalase 
activity (but large amounts of hemin compounds absorbing at 405 my) 
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(Fig. 3). The role of catalase appeared to be one of protection of the en- 
zyme from inactivation in the manometric assay, since the low catalase 
enzyme preparation in the absence of added catalase was completely in- 
activated during the 8 minute temperature equilibration period. The in- 
activation occurred only if DCPP and GSH were present during the equil- 
ibration period and could not be reversed by the subsequent addition of 
catalase. Inactivation was prevented by catalase but not by 10 mg. of 
albumin. If inactivation during the equilibration period was avoided by 
the omission of GSH or of GSH and DCPP, the low catalase enzyme prep- 
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Fic. 5. The reaction inactivation of pHPP oxidase in the absence of DCPP. In- 
activation was accelerated when more substrate (6 and 20 uwmoles of pHPP) was 
added. Addition of 0.2 umole of DCPP after inactivation (|) did not reactivate. 

Fic. 6. The amounts of pHPP oxidized before inactivation by different amounts 
of enzyme in the absence of DCPP. The experiments were run with 6 and 20 umoles 
of substrate. 


aration nevertheless quickly became inactivated after the reaction was 
started with the addition of substrate. 

Comparison of the reaction requirements in the manometric and the 
spectrophotometric assays showed that the role of catalase was to protect 
the enzyme under the particular conditions used in the manometric assay 
and not to participate directly in the reaction, since catalase was not neces- 
sary under the milder conditions of the spectrophotometric assay (Fig. 4). 

Role of DCPP and Ascorbic Acid—DCPP and ascorbic acid, like catalase, 
had no effect on the oxidation of pHPP in the spectrophotometric assay 
and in the manometric assay appeared to prevent a progressive inactiva- 
tion of the enzyme during its reaction. This protection by DCPP and 
ascorbic acid occurred in the presence of catalase and was additive to the 
protection by catalase. Fig. 5 illustrates the slowing of the reaction in 
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the absence of DCPP. The slowing was more marked with higher sub- 
strate concentrations. The amount of substrate which was oxidized be- 
fore the enzyme was inactivated was proportional to the amount of enzyme 
present, and at a higher substrate concentration the amount which could 
be oxidized before inactivation was decreased (Fig. 6). The enzyme was 
not inactivated by the environmental conditions of the assay when incu- 
bated anaerobically for 1 hour with the substrate or aerobically without the 
substrate, nor was it inactivated by homogentisate, the product of the 


TABLE VI 


Activation of Reaction-Inactivated pHPP Oxidase 
by Large Amounts of Ascorbic Acid or DCPP 


Fraction II enzyme was inactivated by incubation with shaking at 37° for 40 min- 
utes with an equal volume of a solution of 0.1 M phosphate, pH 6.0, and 0.02 m pHPP. 
It was then dialyzed against 0.03 M sodium acetate for 18 hours at 4°. The activity 
in the usual assay with 0.2 umole of DCPP decreased from 5.5 umoles to 1.5 umoles of 
pHPP oxidized in 10 minutes per ml. of enzyme at its final concentration. Control 
enzyme was treated in the same way without pHPP. The indicated amounts of 
ascorbic acid or DCPP were added to the manometric assay described in the text, 
and the pHPP oxidized after 1 hour was determined by the Millon reaction. 


Additions pHPP oxidized in 1 hr. 
Ascorbic acid DCPP | Control enzyme ee 
pumoles pmoles | pmoles pmoles 
| 2.5 0.4 
10 | | 2.8 0.4 
50 | 4.3 1.3 
0.02 | 3.4 0.4 
0.2 5.7 1.5 
1.0 5.3 | 2.3 
10.0 6.0 | 4.7 


reaction, or by aerated substrate. The inactivation occurred only with 
reaction of the enzyme and in a manner similar to the reaction inactivations 
described for ascorbic acid oxidase (18, 19) and tyrosinase (20, 21). 

Although inactivation of the enzyme was not reversed by an amount of 
DCPP which would have prevented the inactivation (Fig. 5), relatively 
large amounts of ascorbic acid (1) or DCPP did restore the activity (Ta- 
ble VI). 


DISCUSSION 


The purification of the enzyme catalyzing the oxidation of pHPP and the 
analysis of its reaction gave no indication that more than a single enzyme 


3 
i 
iq 
i 
| 


S. E. HAGER, R. I. GREGERMAN, W. E. KNOX 945 


protein was responsible for the ring hydroxylation, migration of the side 
chain, and oxidative decarboxylation of pHPP necessary to form homogen- 
tisate. No intermediate was detected. The oxidation of 2,5-dihydroxy- 
phenylpyruvate to homogentisate or acetoacetate, which occurred in in- 
tact man (22) and crude liver extracts (3), did not occur in this system, 
nor was this possible intermediate accumulated. The mechanism of the 
reaction apparently did not include a peroxidation. 

pHPP oxidase resembled in many of its properties certain copper en- 
zymes more than other oxidases. Its obligatory requirement for oxygen, 
its high oxygen affinity, and lack of peroxide production distinguished it 
from the flavoprotein oxidases. Its relative insensitivity to carbon monox- 
ide and cyanide and its more marked sensitivity to diethyldithiocarbamate 
distinguished it from the iron porphyrin oxidases. Particularly in regard 
to its marked “‘reaction inactivation” but also to such properties as stability 
to temperature, pH, dialysis, and metal-chelating agents (23), the pHPP 
oxidase resembled the copper enzymes, ascorbic acid oxidase and tyrosin- 
ase. 
The reaction inactivation of ascorbic acid oxidase was prevented by 
catalase (19). Catalase also protected pHPP oxidase from inactivation in 
the manometric assay, but the reaction inactivation of pHPP oxidase still 
occurred even in the presence of catalase. The chief characteristics of 
the reaction inactivations of ascorbic acid oxidase and pHPP oxidase were 
inactivation after oxidation of a constant amount of substrate and earlier 
inactivation in the presence of a higher substrate concentration. Although 
the reaction inactivation of pHPP oxidase was not prevented by catalase, 
it was prevented by DCPP or ascorbic acid together with catalase. No 
analogy exists for this effect of DCPP or ascorbic acid, or for the reversal 
of the reaction inactivation by high concentrations of these compounds. 
The prevention of reaction inactivation does provide the explanation for 
the unusual action of ascorbic acid in prolonging rather than increasing the 
rate of tyrosine oxidation in liver extracts (3) and for the earlier inhibition 
of the reaction in the presence of an increased amount of pHPP (1). 

Study of the reaction of pHPP oxidase under the milder conditions of 
the spectrophotometric assay showed that catalase, ascorbic acid, or DCPP 
and GSH, and the reaction inactivation which they prevented, were not 
essential parts of the reaction. The apparent requirements for catalase, 
DCPP, or ascorbic acid in the oxidation of pHPP in vitro would therefore 
appear to be an artifact arising from the particular assay conditions chosen 
for this enzyme. But with the recognition that pHPP oxidase undergoes 
reaction inactivation under certain conditions, the further study of the 
inactivation and its reversal may contribute to our understanding of the 
mechanism of the reaction itself. Although there is no direct evidence 
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that reaction inactivation would occur in vivo, it is possible that the role 
of ascorbic acid in tyrosine metabolism in vivo is to prevent the reaction 
inactivation of pHPP oxidase. 


SUMMARY 


1. The oxidation of p-hydroxyphenylpyruvate to homogentisate ap- 
peared to be catalyzed by a single enzyme protein which was partially 
purified. 
2. Oxygen was essential for the reaction and no peroxidative reaction | 


appeared to be involved. ‘The properties of the enzyme resembled those of 
certain copper enzymes more than other oxidases. 

3. Catalase, dichlorophenol-indophenol or ascorbic acid, and glutathione 
were required only under certain assay conditions to avoid inactivation of 
the enzyme during its reaction and did not participate in the reaction it- 
self. 


We wish to thank Dr. Takehiko Tanaka for the isolation and identifica- 
tion of the lead salt of homogentisate, Dr. Burnett M. Pitt for the prep- 
aration of the catalase-free tautomerase and the catalase activity deter- 
minations, Dr. D. Y.-Y. Hsia for determinations of enzymic activity in 
the presence of sulfhydryl reagents, and Mr. E. C. C. Lin for permission 
to use his unpublished spectrophotometric assay of pHPP oxidase. 
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STUDIES ON THE PURIFICATION AND PROPERTIES OF 
p-GLYCERIC ACID KINASE OF LIVER* 


By AKIRA ICHIHARAfT ann DAVID M. GREENBERG 


(From the Department of Phystological Chemistry, University of California School 
of Medicine, Berkeley, California) 


(Received for publication, September 17, 1956) 


Previous studies on the biosynthesis of serine (1, 2) revealed that p-gly- 
ceric acid served as a precursor for this amino acid in the presence of ATP. 
This suggested the occurrence of a kinase that catalyzes the formation of 
PGA from glyceric acid. This paper reports the results of studies on the 
purification and properties of the glyceric acid kinase from horse liver. 


EXPERIMENTAL 


Materials—pu-Glyceric acid-3-C™ was prepared by the Isotopes Special- 
ties Company, Inc., Burbank, California. Samples of pure p-glyceric 
acid and pi-glyceric acid were kindly furnished by Dr. C. E. Ballou of the 
Department of Biochemistry of this University. ATP and PGA were pur- 
chased from the Nutritional Biochemicals Corporation and ADP from the 
Sigma Chemical Company. 

Analytical Methods—Glyceric acid was determined by oxidation with 
periodate and colorimetric determination of the formaldehyde formed by 
employing the same conditions as those used for serine estimation in the 
method of Frisell e¢ al. (3). Protein in the enzyme incubations was deter- 
mined with the combined copper sulfate-phenol reagent of Sutherland e¢ al. 
(4), inorganic phosphate by the method of Lowry and Lopez (5), and organic 
phosphate by the method of Fiske and Subbarow (6). 

Chromatographic procedures employed are described in connection with 
the experiments to which they are pertinent. 

Enzyme Assay—The activity of glyceric acid kinase was assayed by the 
rate of disappearance of glyceric acid. The incubation was carried out for 
30 minutes at 37° in 12 ml. conical centrifuge tubes containing 3 ymoles of 


* Aided by research grants from the National Cancer Institute (C-327 and C-2327), 
the American Cancer Society (Committee on Growth), and the Cancer Research Funds 
of the University of California. 

t On leave from the Institute for Microbial Diseases, Osaka University, Osaka, 
Japan. Present address, McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore, Maryland. 

1 The following abbreviations are used: ATP, adenosine triphosphate; PGA, 3- 
phosphoglyceric acid; ADP, adenosine diphosphate; TCA, trichloroacetic acid; 
EDTA, ethylenediaminetetraacetic acid; PCMB, p-chloromercuribenzoate. 
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glyceric acid, 3 umoles of ATP, 2 umoles of MgCl, 150 umoles of phosphate 
buffer, pH 7.4, and approximately 2.5 units of enzyme in a 3 ml. total 
volume. The reaction was stopped by addition of TCA to a final concen- 
tration of 10 per cent. The residual glyceric acid was determined on ali- 
quots of the filtrate. 

A kinase unit is defined as the weight of enzyme which catalyzes the 
decomposition of 1 wmole of p-glyceric acid under the conditions described 
above. 


RESULTS AND DISCUSSION 


Species Distribution of Kinase—A comparison made on the livers of a 
number of mammalian species (Table I) showed horse liver to be the richest 


TABLE 
Distribution of Enzyme in Animal Livers 


Each liver was homogenized in a Waring blendor for 40 seconds with 4 volumes of 
cold 0.1 m phosphate buffer, pH 8.0, and the homogenate was centrifuged at 2.5 x 
10 X g in the Servall centrifuge for 20 minutes. The supernatant fluid containing 
25 mg. of protein was incubated as described under ‘‘Experimental’’ without Mg** 
addition. Activity is expressed as decrease of p-glyceric acid as micromoles per mg. 
of protein. 


Liver A p-glyceric acid 
pmole 


source of the kinase, with rat liver the next richest. Further studies were 
carried out with horse liver. 

Preparation of Enzyme—To purify the kinase, an acetone powder of liver 
was prepared and an aqueous extract of this was fractionated by further 
treatment with ammonium sulfate and calcium phosphate gel. The de- 
tails of the purification are as follows: Fresh horse liver was minced, homog- 
enized in a Waring blendor with 6 volumes of cold acetone, and quickly 
filtered. The filter cake was again homogenized with 4 volumes of ace- 
tone and filtered. The powder was dried in vacuo over CaCl: in a desic- 
cator. It retained its enzyme activity for months. 

50 gm. of the acetone powder were homogenized in a Waring blendor with 
7 volumes of ice-cold phosphate buffer (0.1 mM, pH 8.0) and stirred for 20 
minutes with a mechanical stirrer. The mixture was centrifuged at 2.5 X 
10? X g for 20 minutes in a Servall centrifuge. Further centrifugation re- 
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quired in purifying the enzyme was carried out under the same conditions. 
The precipitate was washed with 3 volumes of the buffer and recentrifuged. 
To the combined supernatant fluids (‘‘Crude extract,” Table II), saturated 
(NH4)2SO, adjusted to pH 7.6 was added with stirring. The fraction pre- 
cipitating between 35 and 50 per cent saturation of (NH4)2SO, was sepa- 
rated by centrifugation, dissolved in a small volume of buffer, and dialyzed 
against 0.05 m phosphate buffer, pH 8.0, for about 6 hours. The dialysate 
(‘Ammonium sulfate I,” Table II) was treated with calcium phosphate 
gel prepared by the method of Keilin and Hartree (7) by adding 0.3 mg. of 
dry gel per mg. of protein, at pH 7.0, and letting the mixture stand for 20 
minutes. The mixture was then centrifuged, and the supernatant fluid 
from the calcium gel treatment (‘‘Ca gel treatment,” Table II) was again 
fractionated with saturated (NH4)2SO,, as before, and dialyzed against the 


TaBLeE II 
Increase in Activity during Fractionation of Enzyme 


Fraction Total units Specific activity 


unils per mg. protein 


Ammonium sulfate I........... 1700 0.8 
Ca gel treatment............... 1000 1.2 
Ammonium sulfate II........... 450 3.8 


0.05 m phosphate buffer. This yielded the preparation termed ‘‘Ammo- 
nium sulfate II,” Table IT. 

Since the enzyme was found to be quite labile toward acid and elevation 
of temperature,? the preparation was carried out in a cold room at 3° and 
in a slightly alkaline medium. The purification obtained in a typical prep- 
aration is shown in Table II. 

Reaction Components—In addition to p-glyceric acid and the kinase, 
ATP and Mgt* were required for the reaction to proceed. The decrease 
of p-glyceric acid with time when all the components were present is shown 
in Fig. 1. In the absence of ATP or Mgt, there was no decrease in the 
p-glyceric acid content, as shown by the lower curve of Fig. 1. 

Effect of pH on Activity—The pH-activity curve for the p-glyceric acid 
kinase is shown in Fig. 2. Acetate buffer in the same concentration as the 
phosphate buffer was employed over the pH range 4.5 to 5.6, and phos- 
phate buffer between pH 5.6 and 8.3. The maximal activity was found 
to be at pH 7.4 to 7.7. 


? The purified enzyme preparation lost half its activity either after standing for 
2 hours at pH 6.3 in the cold or by heating for 5 minutes at 45°. 
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Effect of AT’P—The velocity of the reaction increased nearly linearly 
with increasing concentration of ATP up to about 1 X 10-* m (Fig. 3). 
From a plot of the data according to the method of Lineweaver and Burk | 
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ATP or Omitted 


Time in Minutes 


Fig. 1. Time-course of the reaction. The reaction mixture contained 3 umoles of | 
p-glyceric acid, 3 umoles of ATP, 2 umoles of Mg**, 150 umoles of phosphate buffer, 
pH 7.4, and 2.5 units of enzyme in 3 ml. of volume. 
Mg**, water was used to adjust the total volume. 


40 | 


On omission of either ATP or | 
p-GA represents p-glyceric acid. 
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Fig. 2. pH-activity curve. 


pH 


The reaction was carried out as that described in Fig. 


1, except for the addition of 150 umoles of anetate buffer instead of phosphate buffer 
in the reaction below pH 5.6. 
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(8), a value for K, of 9.7 X 10-3 M was obtained for ATP. The plot shows 
that the points of the reciprocal values of the ATP concentrations, except 
for the highest concentrations, fit the straight line very well. 


ATP Concentration [S]x 10° M 
5 0 20 


T T 3 oO 

8 > 

GF 42 

ra) 

> 4 =~ 

o 
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5 10 I5 20 
[S] x lO 


Fig. 3. Effect of ATP concentration on reaction velocity. The reaction was car- 
ried out as that described in Fig. 1 except for the addition of different concentra- 
tions of ATP. A, points for v versus s curve; O, points for 1/v versus 1/s line. 
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7 ; 3 0 
a 

6 
oO 
a 
O ra) 
x 
< 
— 

2 3 

[S] xX M 


Fic. 4. Effect of p-glyceric acid concentration on reaction velocity. A, points 
for v versus s curve; O, points for 1/v versus 1/s line. 


ADP was found to be about 20 per cent as active as ATP in catalyzing 
the reaction. This activity exhibited by ADP may be due to contamina- 
tion of the enzyme preparation with adenyl kinase (myokinase). 
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Enzyme-Substrate Affinity Constants—These were determined from a 
Lineweaver-Burk plot of 1/v against 1/s. Fig. 4 shows plots of both » 
and s and 1/v against 1/s. The value of K, for p-glyceric acid determined 
from the latter plot was 2.4 X 10-*m. The affinity of this substrate for 
the enzyme, thus, is in the normal range. 

Of the two enantiomorphs of glyceric acid, only the p form, seemingly, 
is the substrate for the enzyme (Fig. 5). Comparison of the rates of de- 
composition of pi-glyceric acid with that of p-glyceric acid shows that the 
former, at twice the concentration levels of the latter, falls on the same 


DL-GA (yu moles) 
2 


6 
1 
Ww 
yar" 
Ww 
© 4 
D-GA 
4 -GA 
DL-G 
© 
| 2 


D-GA (yu moles) 


Fiac. 5. Evidence that p-glyceric acid is the specific enzyme substrate. The re- 
action was performed as described under ‘‘Enzyme assay.’’ Concentrations of 
DL-glyceric acid employed were twice that of p-glyceric acid. p-GA and pL-GA rep- 
resent p- and p.i-glyceric acid, respectively. 


curve, except that at the highest concentration levels L-glyceric acid ap- 
pears to cause some degree of inhibition of the reaction. Recently Black 
and Wright reported that a glyceric acid kinase prepared from yeast also 
was specific for p-glyceric acid (9). 

Effect of Metal Ions—Of a series of divalent metal ions tested (Table ITI), 
only Mg++ was found to be stimulatory. The other ions were without 
effect. The curve of enzyme activity as a function of the Mgt* concen- 
tration is given in Fig. 6. From a Lineweaver-Burk plot of the data (Fig. 
6), the K, value for the binding of Mg** by the kinase was determined to 
be 1.64 XK 10-* 

Effect of Inhibitors—A number of substances that might be expected to 
inhibit the enzyme reaction were tested. These included EDTA, PCMB, 
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and arsenite. Of these, only EDTA had an inhibitory effect. This action 
was exerted against Mgt* and could be counteracted by increasing the 
concentration of Mg**. At levels of 2 umoles of Mgt* and EDTA per 
incubation vessel, the extent of the inhibition was 55 per cent. Increas- 


TaBLeE III 
Effect of Divalent Metal Ions 
Concentration, 0.2 umole per 3 ml. of incubation vessel. 


Ion A p-glyceric acid activity 

pmoles 

0.04 
1.31 
0.05 
Ni** 0.04 
Zn** 0.04 
Cott 0.05 
Cutt 0.03 


Mg’ Concentration [S] x 1O* M 
2 4 


23 
x 
— 
+]! 3 
2 
< 
2 4 8 fe) 


6 
[S] x 


Fic. 6. Effect of Mg** concentration on reaction velocity. A, points for v versus 
8 curve; O, points for 1/v versus 1/s line. 


ing the Mg++ to 20 umoles restored complete activity. PCMB in an 
amount up to 0.5 umole and arsenite up to 120 uwmoles per vessel resulted 
in no significant reduction in the reaction rate. 

Stoichiometry of Reaction—In an experiment designed to test the stoi- 
chiometry of the reaction, a comparison was made of the quantity of p-gly- 
ceric acid decomposed with the decrease in the heat-labile phosphate (Ta- 
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ble IV). The decrease of 2.2 umoles of p-glyceric acid to 1.8 yumoles of 
heat-labile phosphate agreed quite well with the expected reaction. The 
deviation from the anticipated absolute values can be explained by the 
concurrent breakdown of some of the added ATP to ADP and then to 
adenosine monophosphate. ‘Thus, the zero time value, although 3 umoles 
of ATP had been added to the solution, was determined to be 5.2 ymoles 
of heat-labile phosphate. 

Isolation and Identification of Reaction Product—Evidence that PGA is 
produced by the enzymatic reaction was obtained by the following experi- 
ment: 2.5 wmoles of pL-glyceric acid-3-C™ (2 & 105 c.p.m.) were incubated 
for 90 minutes at 37° in a volume of 5 ml. containing 25 units of enzyme, 
30 umoles of ATP, 10 wmoles of Mgt’, and 300 umoles of phosphate buffer, 
pH 7.4. After deproteinization with TCA, the solution was neutralized 
and 150 wmoles of cold PGA were added as carrier. The PGA was then 


TABLE IV 
Balance Study of Reaction 
Incubation time p-Glyceric acid Acid-labile phosphate* 
min. pmoles pmoles 
0 3.2 5.2 
60 1.0 3.4 
Substrates consumed................ 2.2 | 1.8 


* Inorganic phosphate released by boiling the reaction mixture for 7 minutes in 
1 n HCl. 


isolated by the method of DuBois and Potter (10). The barium salt of 
PGA was recrystallized several times, dissolved in a small amount of 0.1 
N HCl, and the barium precipitated as BaSO,. The Ba-free PGA was 
then neutralized and chromatographed by the method of Weissbach et al. 
(11) through a Dowex 1 CI resin column by means of gradient elution, 
with 0.1 N HCl in the reservoir and water in the mixing chamber. Ali- 
quots of each 5 ml. of effluent were taken for measurement of radioactivity, 
after drying the samples on planchets, and for determination of organic 
phosphate. The peaks of radioactivity and organic phosphate coincide 
well, as is shown in Fig. 7. The major fraction appeared in the eluate at 
the passage of approximately 260 ml. of fluid. This fraction was collected 
and chromatographed on Whatman No. 1 paper with a phenol-water sol- 
vent (8:2). The acid spot was identified by spraying with bromophenol 
blue indicator, prepared as described by Kennedy and Barker (12). The 
location of the acid spot and the radioactivity, also, coincided. Besides 
this major peak, a smaller peak, which also contained organic phosphate 
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and was radioactive, appeared in a fraction eluted fairly early from the 
column. This peak was also given by the authentic PGA treated in the 


iO ie 
oO 
O Q 
8r 440 =. 
= 
O 
a 
O 
2b 410 3 
/ 


Effluent Volume (ml) 


Fig. 7. Column chromatography of the reaction mixture. The procedure was 
the same as that described in the text. O, radioactivity; @, organic phosphate. 


same manner as the preparation from the incubation. It appears from 
this that this peak represents an artifact formed from PGA during the iso- 


lation process. 


We are indeed greatly indebted to Dr. Clinton E. Ballou of the Depart- 
ment of Biochemistry for generously supplying the p-glyceric acid and 
pi-glyceric acid employed in this investigation. 


SUMMARY 


1. A p-glyceric acid kinase has been found in liver. Livers of the horse 
and the rat showed the highest activity among those tested. A considera- 
ble purification of the enzyme from horse liver has been achieved. 

2. The purified enzyme has been characterized with respect to its re- 
quirement of adenosine triphosphate and Mgt, its pH optimum, its sub- 
strate specificity and substrate affinities, the effect of certain metallic ions, 
and the effect of certain enzyme inhibitors. 
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THE REDUCTION OF THE 4,5 DOUBLE BOND OF 
STEROIDS BY BOVINE BLOOD PROTEINS 


By EDWARD L. RONGONE,* D. R. STRENGTH, BERNADETTE C. 
BOCKLAGE, anp EDWARD A. DOISY 


(From the Department of Biochemistry, St. Louis University School 
of Medicine, St. Louis, Missourt) 


(Received for publication, September 27, 1956) 


During our study of the hydrolysis of steroid acetates by bovine blood 
albumin, it was observed that, if cortisone acetate was transferred to the 
incubation medium with acetone, the ultraviolet absorption at 240 my was 
completely lost in 24 hours. A survey of the literature showed that the 
conjugated system might have been destroyed by enzymatic reduction of 
the double bond or the 3-keto group (1, 2). Since Dorfman has recently 
reviewed this subject (3), reports on the reduction of the double bond in 
ring A by enzymes of liver will not be discussed. However, in connection 
with our observations on reduction of the double bond by bovine albumin, 
it is interesting that Meyer found destruction of the conjugated system in 
ring A of cortisone during perfusion of the adrenal with whole blood and by 
incubation of cortisone with whole blood (4), and Wotiz et al. (5) reported 
a decrease in ultraviolet absorption at 240 mu on incubation of testosterone 
with human serum. 

We reported previously that, if the propylene glycol concentration was 
reduced from 20 to 3 per cent in incubation mixtures designed for the study 
of hydrolysis of acetates of adrenal cortical steroids by bovine blood al- 
bumin, the ultraviolet absorption at 240 my of steroids disappeared (6). 
Subsequently, it was reported that this loss of absorption at 240 mu was 
due to enzymatic reduction of the double bond in ring A (7); this paper is 
a continuation of the study of the reducing activity of the bovine blood 
albumin preparation. 


EXPERIMENTAL 


Bovine blood albumin was obtained from the Fisher Scientific Company 
(lot No. 540258) and the Difco Laboratories (lot No. 101787), triphospho- 
pyridine nucleotide (TPN) and diphosphopyridine nucleotide (DPN) from 
the Sigma Chemical Company, citrate from the Fisher Scientific Company, 


* The material presented herein is taken, in part, from a thesis submitted to the 
Graduate School of St. Louis University by Edward L. Rongone in partial fulfilment 
of the requirements for the degree of Doctor of Philosophy in Biochemistry. Pres- 
ent address, Alton Ochsner Medical Foundation, New Orleans 15, Louisiana. 
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and isocitrate from the Nutritional Biochemicals Corporation. Reduced 
TPN (TPNH) was prepared by the method of Kaplan et al. (8). 

Characterization of Protein in Commercial Preparations of Bovine Albumin 
~—The procedures for incubation and extraction used for the determination 
of the optimal conditions for the reduction of the 4,5 double bond of steroids 
by bovine blood albumin preparations were as follows: The albumin was 
dissolved in demineralized water to give an albumin concentration of 5 per 
cent, and the solution was adjusted to the desired pH with 1 Nn NaOH and 
1 mM KH2PO,. 73 y of cortisone, dissolved in 0.03 ml. of propylene glycol 
or ethanol, were added to 1 ml. of this solution. An aliquot of the steroid 
solution was appropriately diluted with ethanol and analyzed by ultraviolet 
absorption to obtain the exact amount of steroid added in each experiment. 

The solution of steroid and albumin was incubated for 24 hours under a 
continuous flow of nitrogen. The nitrogen was passed through a Seitz 
filter and bubbled through sterile water before entering the experimental 
tubes. Each experiment was carried out in duplicate with an appropriate 
blank. After incubation, the protein was precipitated by pouring the mix- 
ture into 8 volumes of hot ethanol (70°). The precipitate was collected 
by filtration on a Biichner funnel and washed with hot ethanol (6 ml.) 
which was added to the filtrate. After dilution of the filtrate with water 
to an ethanolic concentration of 70 per cent, the solution was extracted 
three times with 0.5 volume of purified petroleum ether (35-45°). The 
petroleum ether was washed once with 0.33 volume of 70 per cent ethanol, 
and this washing was added to the main ethanol solution. The ethanol 
was removed in vacuo, and the aqueous phase was diluted with water to 
15 ml. and extracted six times with 25 ml. portions of ether.1. The ether 
was distilled, the residue taken up in ethanol, and the amount of recovered 
steroid measured by ultraviolet absorption and the Porter-Silber assay (9). 
The ultraviolet absorption of the steroid recovered at 0 hour and at the 
end of incubation was used to calculate the per cent reduction of the a,f- 
unsaturated group. 

In the characterization of the reducing activity of bovine blood albumin, 
the protein showed optimal activity for the reduction of cortisone under 
the following conditions: (1) pH 6.4, with a sharp decline of activity to 
approximately 50 per cent of the maximum at pH 5.8 and 7.2 (Fig. 1); 
(2) temperature, 37.5°, with the activity of the protein approximately 80 
per cent less at 12° below or above the optimal temperature (Fig. 2); (3) 
substrate concentration, approximately 10-4 m (Fig. 3). Although the 


1 In experiments in which various combinations of propylene glycol, TPN, isocit- 
rate or citrate, and TPNH were used, the ethyl ether extracts were washed three 
times with 0.1 volume of water, and the water washings were back-washed once with 
0.5 volume of ethyl ether. 
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1 amount of reduced product increased up to 0.3 umole of added steroid, the 
per cent of added steroid which was reduced fell off appreciably at concen- 
trations greater than 0.15 umole. 

Different commercial preparations of bovine blood albumin were assayed 
for reducing activity. ‘The data in Table I show the activities of the dif- 
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pH TEMPERATURE 
Fia. 1 Fig. 2 


Fic. 1. Optimal pH for the reduction of the double bond of cortisone. 73 y of 
cortisone were incubated with 5 per cent bovine blood albumin (Fisher) solution for 
24 hours at 37.5°. The total volume was 1.03 ml., containing 3 per cent ethanol. 
Incubation was carried out under a continuous flow of nitrogen. The points on the 
curve represent the average of the duplicate determinations by ultraviolet absorp- 
tion. 

Fic. 2. Optimal temperature for the reduction of the double bond of cortisone. 
73 y of cortisone were incubated with 5 per cent bovine blood albumin (Fisher) solu- 
tion at pH 6.8 for 24 hours at various temperatures. The total volume was 1.03 ml., 
containing 3 per centethanol. Incubation was carried out under a continuous flow of 
nitrogen. The points on the curve represent the average of the duplicate determina- 
tions. 


ferent preparations. Fisher’s product was the only commercial albumin 
. which had significant activity in its original state; those of Difco, Sargent, 
) |  Ceneco, and Matheson, Coleman, and Bell had no appreciable activity. 
) The Difco albumin with added TPN and isocitrate reduced cortisone as 
, effectively as did the Fisher product. The other commercial albumins 
were not tested with added TPN and isocitrate. Beef serum and whole 
blood without added cofactors reduced about 55 per cent of the added 
cortisone. 

Dialysis of the Fisher albumin for 24 hours, during which the water sur- 
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rounding the dialyzing membrane was changed four times, caused a com- 
plete loss of its capacity to reduce the 4,5 double bond. The activity of 
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Fic. 3. Optimal substrate concentration for the reduction of the double bond 
of cortisone. From 0.05 to 0.3 umole of cortisone was incubated with 5 per cent bo- 


vine blood albumin (Fisher) solution at pH 6.4 for 24 hours at 37.5°. 


The total volume 


was 1.03 ml., containing 3 per cent ethanol. Incubation was carried out under a 
continuous flow of nitrogen. The points on the curve represent an average of the 
duplicate determinations. 
TABLE I 
Comparison of Reduction of Cortisone by Different Specimens of Albumin* 
Source of albumin Reduction 
per cent 
+ 1mg.TPN + 1 mg. isocitrate............. 45 95 
Matheson, Coleman, and Bell..................... 35 0 
Whole blood 35 55 


*1 ml. of 5 per cent albumin solution. 


this preparation was restored by the addition of TPN and either isocitrate | 
or citrate. TPN could not be replaced by DPN in this system. The ac- | 
tivity was also destroyed by heating for 10 minutes in a boiling water bath. ; 

Characterization of Products Produced by Reduction of 4,5 Double Bond 
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of Sterouds—Large scale incubations of cortisone, progesterone, and A*- 
androstene-3 ,17-dione with the Fisher albumin were carried out with the 
optimal pH and temperature previously described. The dry residues ob- 
tained by distillation of the ether extracts were chromatographed on silica 
gel. Graded mixtures of ether and benzene were used in the development 
of the column. The fractions which contained crystalline material were 
combined, and the isolated product was recrystallized and identified by 
melting point, mixed melting point with the appropriate authentic com- 
pound, specific rotation, and infrared spectroscopy.” In each case, the 
reduction product was the corresponding dihydro compound of the normal 
series (58). The results of these studies are summarized in Table IT. 


TaBLeE II 
Identification of Products from Reduction Studies 


Identity with 
Melting Melting authentic com- 


i int of oint of | Melting | Melting pounds 
Compound incubated | Compound isolated | | | 


compound | compound 


Infrared Specific 


rotation 
(a) (b) (c) (6) + (c)\(a) + 
°C. *C. °C. *C. 
Cortisone 58-Dihydro- |228 -232| 229-232 196-208 + 
cortisone 
Progesterone Pregnane- 121.5-122) 121-122 |121-122) 87-102; + + 


3,17-dione 
A‘-Androstene- Etiocholane- (132 -134) 132-134 |132-134,100-120; + + 
3,17-dione 3,17-dione 


The recoveries of dihydrocortisone and ketosteroid from the respective 
substrates were 86 and 84 per cent as measured by the Porter-Silber and 
Zimmermann reactions. The percentages of reduced compound in the re- 
covered compounds were 100 and 78 per cent, respectively. In addition 
to etiocholane-3 , 17-dione, the starting material, A‘-androstene-3 , 17-dione, 
was also identified. The per cent recovery of pregnane-3,17-dione was 
not determined because a portion of the sample was spilled during the 
extraction. 

Cortisone (10 mg.) was incubated with 250 ml. of a solution containing 
5 per cent albumin (Difco), 250 mg. of isocitrate, and 250 mg. of TPN to 
ascertain whether the reduced product was the same as that obtained with 
the Fisher albumin. The incubation, extraction, and chromatographic 
purification were carried out in the manner described. The product was 


* The authors wish to thank Dr. S. A. Thayer for the determinations of specific 
rotation and Dr. W. H. Elliott for the measurements of infrared spectra. 
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identified as dihydrocortisone by melting point, mixed melting point with 
authentic compound, and paper chromatography. 

Comparison of Rates of Reduction of Various Steroids—This study was 
then extended to include the 9a-fluoro derivatives of cortisone and cortisol 
and steroids having an additional double bond, 7.e. the 1-dehydro relatives 
of cortisone and cortisol (Table III). Cortisone (89 per cent) was reduced 
to a greater extent than 9a-fluorocortisone (58 per cent) and 1-dehydro- 
cortisone (42 per cent). Cortisol (82.5 per cent) was reduced to a greater 
extent than 9a-fluorocortisol (21 per cent) and 1-dehydrocortisol (31 per 
cent). Under the experimental conditions, the difference between the 
reduction of cortisone and cortisol is probably not significant; however, the 


TaBLeE III 
Reduction of Double Bonds of Various Steroids* 
Y per cent 
67 31 
* Difco albumin + TPN + isocitrate. 
difference between the reduction of these steroids and their respective  t 
derivatives is significant. 
Comparison of Reduction in Presence of Chemically and Enzymatically 
Produced TPN H—The rate of reduction of the 4,5 double bond of cortisone _ 
a 


by the Difco albumin with the added cofactors, isocitrate and TPN, was 
compared with that in which chemically produced TPNH was used; Fig.4 | 
shows the different rates of reduction by these two procedures. 

The reduction of steroid by chemically prepared TPNH proceeded rap- 
idly from the end of the Ist hour for 7 hours and then declined markedly. 
At 24 hours, the amount of recovered steroid which had been reduced was P 
69 per cent. The decline in the rate of reduction may be due to a decrease " 


in the concentration of TPNH in the reaction mixture at pH 6.4, since ” 
destruction of TPNH in acid media has been described by Warburg et al. Ms 
(10). The incubation of steroid with protein, TPN, and isocitrate results , 
in little reduction during the 1st 8 hours, but the rate of reduction is then . 
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greatly accelerated, until 83 per cent is reduced in 24 hours. These data 
may suggest the presence of other competing systems which utilize TPNH 
or an induction period during which the concentration of TPNH is built 
up to an effective level. 

50 y of cortisone were incubated with 1 mg. of TPNH in a weakly acidic 
(pH 6.2) and in a weakly basic (pH 7.2) solution, in the absence of albumin 
but otherwise in the manner previously described. ‘The cortisone was 
extracted from the incubation mixtures and assayed at 240 muy for loss of 


T 


T 


25 


% REDUCTION OF U.V. ABSORPTION 


( 5 10 iS 20 25 
HOURS INCUBATED 

Fic. 4. Reduction rates of cortisone with TPNH (X) and TPN + isocitrate (O). 
0.13 umole of cortisone, 1.2 wmoles of TPNH, 1.2 uwmoles of TPN, and 1.0 umole of 
isocitrate per ml. of 5 per cent bovine blood albumin (Difco) solution at pH 6.4 and 
37.5° were incubated, and samples were taken at the specified time intervals. Ini- 
tially, the total volume was 20.6 ml., containing 3 per cent ethanol. Incubation 
was carried out under a continuous flow of nitrogen. The points on the curve repre- 
sent the average of two determinations. 


absorption. There was no loss of absorption, thereby indicating the neces- 
sity of protein for the oxidation of TPNH and the reduction of the steroid. 


DISCUSSION 


The reduction of ring A of certain steroids by some bovine albumin 
preparations exhibited the characteristics attributed to an enzymatic proc- 
ess: heat lability; optimal pH, temperature, and substrate concentration; 
a specific cofactor requirement; and the formation of reduced products 
which were the 58 stereoisomers. It appears that there may be a speci- 
ficity of TPN in the reduction of the double bond in ring A, since DPN 
could not replace TPN. DPNH was not tested in the system. It is evi- 
dent that at least two activities are present in the preparations. One is 


| | 
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necessary for the oxidation of isocitrate and the reduction of TPN and the 
other appears to be necessary for the oxidation of TPNH and the reduction 
of the steroid, since TPNH in the absence of blood albumin does not reduce 
the steroid. 

Cortisone and cortisol were more readily reduced under the experimental f 
conditions than their respective 1-dehydro derivatives containing an addi- 
tional double bond in ring A. The reduction of one of these double bonds 
would still leave a conjugated system in ring A; therefore, the decrease in | 
ultraviolet absorption suggests reduction of both double bonds, but our |_|: 
results do not indicate whether one double bond is preferentially reduced | 
or whether the reduction of both double bonds proceeds simultaneously. 
The similarity between the extinction coefficients and absorption maxima 
of cortisone and 1-dehydrocortisone and cortisol and 1-dehydrocortisol (11), 
respectively, does not permit further analysis of our data. Bie 

Todd and Hechter (12) observed that 9a-fluorocortisol was metabolized 

by rat liver slices and paste at a slower rate than cortisol and that the {| 


metabolic products were mainly polar ketols without the A‘-3-ketone func. 
tion. From the results of some experiments conducted in vivo on dogs,  _—_ 1 
Silber and Morgan (13) have concluded that the half life values of l-de | 

hydrocortisone, 1-dehydrocortisol, and 9a-fluorocortisol in the plasma are |} } 


larger than those of their respective parent compounds. Under our ex- | 
perimental conditions, the loss of absorption of ultraviolet light at 240 mp | 
for cortisol was 4 times that of 9a-fluorocortisol. Since all of the reaction — 
products identified following incubation with bovine albumin for 24 hours | 
(Table II) were the dihydro forms of the 58 series, and the incubation of 
the 9a-fluoro and 1-dehydro steroid derivatives under identical conditions 
resulted in the formation of less reaction product, it seems likely that the 
9a-fluoro and 1-dehydro groups decrease the rate of reduction of the 4,5 
double bond of ring A. 


SUMMARY 


The optimal conditions for the reduction of the 4,5 double bond of © 
cortisone were pH 6.4; temperature 37.5°; and substrate concentration | 
10- m. The bovine albumin was inactive after being heated in boiling 
water or following dialysis. 

Pregnane-3 , 17-dione, etiocholane-3 , 17-dione, and dihydrocortisone were 
crystallized and identified from the incubation products of progesterone, 
A‘-androstene-3 ,17-dione, and cortisone, respectively. The metabolites 
were identified by melting points, mixed melting points with authentic , 
compounds, specific rotations, and infrared spectra. ‘The only metabolites | 
identified were the dihydro forms of the 56 series. The product isolated ' 
from the incubation of triphosphopyridine nucleotide, isocitrate, and cor- | 
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tisone with the Difco albumin was identical with that obtained by incuba- 
tion of cortisone with the Fisher albumin. Either citrate or isocitrate 
may serve as oxidizable substrate, and triphosphopyridine nucleotide is 
the hydrogen and electron carrier. Diphosphopyridine nucleotide was 
found to be inactive in this system. 


Ww be 
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HYDROLYSIS OF STEROID ACETATES BY BOVINE ALBUMIN 


By EDWARD L. RONGONE,* BERNADETTE C. BOCKLAGE, D. R. 
STRENGTH, anp EDWARD A. DOISY 


(From the Department of Biochemistry, St. Louis University School 
of Medicine, St. Louis, Missourt) 


(Received for publication, September 27, 1956) 


The interest of this laboratory in the hydrolysis of acetates began with 
the difficulty encountered in 1939 in hydrolyzing the diacetates of dihydro- 
vitamin K;. This interest was revived by the poor yield in the chemical 
hydrolysis! of the small amount of radioactive 11-dehydrocorticosterone 
(Kendall’s Compound A) acetate which had been obtained by partial 
synthesis. Since other investigations (2) on the hydrolysis of steroid 
glucuronides and of phenol sulfuric acid esters had convinced us of the 
advantages and utility of enzymatic methods, a study of enzymatic hy- 
drolysis of steroid acetates was undertaken. 

In our first studies we employed citrus acetylesterase (3), which had been 
found to be effective in the hydrolysis of acetates of small molecular weight. 
This preparation also proved to be effective for the hydrolysis of acetates 
of cortical steroids (4). The procedure was reported to have been useful 
for the hydrolysis of an acetate in the isolation of a sodium-retaining com- 
pound from beef adrenal extract (Mattox et al. (5)). However, the main 
disadvantage of the original method was that the medium used did not 
permit solution of large amounts of steroids in a moderate volume. Conse- 
quently, the use of stabilizers was investigated. Several proved to be 
effective, but bovine albumin was the most satisfactory. 

Bischoff and his associates (6, 7) had shown that various steroids were 
soluble in solutions of bovine albumin, and Rothchild (8) described a 
method for preparing solutions of steroids by the addition of a solution in 
propylene glycol to 25 per cent aqueous human serum albumin. Not only 
does serum albumin render the steroids soluble, but also it hydrolyzes 
steroid acetates (9).2 Previously, the hydrolysis of steroid esters by rab- 


* The material presented herein is taken, in part, from a thesis submitted to the 
Graduate School of St. Louis University by Edward L. Rongone in partial fulfilment 
of the requirements for the degree of Doctor of Philosophy in Biochemistry. Pres- 
ent address, Alton Ochsner Medical Foundation, New Orleans 15, Louisiana. 

1 Minlon and Tishler (1) have succeeded in hydrolyzing cortisone acetate chemi- 
cally with high recovery of the free alcohol. 

? Although many reports on the esterases of blood have been published, the cita- 
tions in this section are restricted to those papers concerned with the hydrolysis of 
steroid acetates. 
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bit and human sera (10-12), red blood cells (13), stroma of red blood cells 
(14), and human and animal organs and tissues (15) had been reported. 
Farrell and Lamus (16) used acetylcholinesterase for the hydrolysis of 
corticoid acetates in their study of steroids of adrenal venous blood. 

The discovery that commercial bovine albumin hydrolyzes steroid ace- 
tates led us to study this protein to ascertain the conditions for its optimal 
activity. With these data in hand, an effective process for the hydrolysis 
of some steroid acetates (9), including Compound A acetate, was developed, 
but success with dihydrovitamin K, diacetate was not achieved with bovine 
albumin or citrus acetylesterase from orange flavedo. 


EXPERIMENTAL 


Bovine blood albumin from three different sources was used: a product 
marketed by the Fisher Scientific Company (lot No. 540258), a commer- 
cial crystalline bovine serum albumin (Armour and Company, lot No. 
212112), and a bovine serum albumin prepared in our laboratory by the 
method of Adair and Robinson (17). The conditions for optimal hydro- 
lytic activity were ascertained with o-nitrophenylacetate (ONPA) as a 
substrate by a method similar to that described by Jansen and his asso- 
ciates (18). Since propylene glycol was to be used as a solvent for steroid 
acetates in transferring them to the incubation mixture, an appropriate 
volume to give a concentration of 20 per cent‘ was included in the studies 
of the hydrolysis of ONPA. After incubation of a mixture containing 4 
per cent of albumin, 20 per cent of propylene glycol, and substrate in 0.048 
M phosphate buffer, pH 6.8, the medium was extracted twice with 40 ml. 
of ethyl ether. The combined ether extracts were placed in a distilling 
flask which contained 25 ml. of 0.05 m phosphate buffer at pH 6.4. The 
ether was distilled in vacuo and the o-nitrophenol (ONP) in the residual 
buffer solution was assayed in a Klett-Summerson colorimeter with a No. 
42 filter. Controls with ONP were incubated, and 99 per cent of the ONP 
was recovered in this manner. 

Bovine blood albumin showed optimal activity under the following con- 
ditions: (1) pH 6.8, with less than 50 per cent of the optimal activity at 
pH 5.6 and pH 8.0; (2) temperature at 35°, with a marked diminution of 
activity at 25° and 45°; and (3) substrate concentration 2 X 10-3 m. The 
data depicted in Table I show that 250 mg. of these specimens of albumin’ 


* This product was kindly supplied by Dr. E. E. Hays, The Armour Laboratories, 
Chicago, Illinois. 

‘If the final concentration of propylene glycol is much less than 20 per cent, re- 
duction of the double bond in ring A takes place (19). 


‘Other commercial preparations were also assayed. Albumin from Difco and é 


Fisher had identical activity with ONPA assubstrate; products from Matheson, Cole- 


man, and Bell, Inc., the Central Scientific Company, and E. H. Sargent and Company : 


were considerably less active. 
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hydrolyzed about 30 umoles of ONPA in 3 hours. Crystalline and non- 
crystalline albumin solutions heated for 10 minutes in boiling water hy- 
drolyzed 40 per cent as much ONPA as unheated albumin solutions. 
However, the hydrolytic effect of albumin solutions on cortisone acetate 
was completely destroyed by heating solutions for 10 minutes. 

The hydrolysis of steroid acetates by bovine blood albumin was studied 
with use of the temperature and pH optimum for hydrolysis of ONPA. 
The albumin was dissolved in 0.05 m phosphate buffer of pH 6.8 to give a 
concentration of 5 per cent. 1.6 ml. of this solution per mg. of steroid 
acetate dissolved in 0.4 ml. of propylene glycol were used in these experi- 


ments. The ratio of albumin to steroid was increased if diacetates were 
TABLE I 
Hydrolysis of o-Nitrophenylacetate by Preparations of Bovine Albumin* 

buffer, p 15 min. 3 hrs. 

umoles ml. per cent per cent 
Blood albumin................ 30 3 15 90 

No albumin, control.......... 30 3 1.7 14.5 


* 5 per cent solutions of albumin in 3 ml. of 0.1 m phosphate buffer, pH 6.8, and 2 
ml. of water were incubated with 1.25 ml. of propylene glycol containing ONPA. 
The final concentrations of components were albumin, 4 per cent; propylene glycol, 
20 per cent; ONPA, 30 umoles; and phosphate buffer, 0.048 m. 

} Prepared by the method of Adair and Robinson (17). 


incubated, and in a few instances in which hydrolysis was found to be in- 
complete. An aliquot of the solution of steroid acetates in propylene gly- 
col was appropriately diluted with ethanol and analyzed by ultraviolet 
absorption to obtain the exact amount of steroid added in each experi- 
ment. 

The steroid acetate in 8 ml. of 4 per cent bovine blood albumin solution 
containing 1.6 ml. of propylene glycol was incubated for 48 hours under a 
continuous flow of nitrogen. Each steroid acetate was incubated in tripli- 


§ Balls and Wood (20) have referred to the acetylation of sulfhydryl and amino 
groups by nitrophenylacetates, and these chemical groups may be the heat-stable 
components of bovine albumin causing the hydrolysis of ONPA. Unpublished data 
from our laboratory show that the incubation of ONPA, glutathione, and buffer re- 
sults in the production of ONP. The optimal conditions for the hydrolysis of ONPA . 
may be those for the composite activities of the heat-stable and heat-labile compo- 
nents. No attempt has been made to distinguish between these two activities, since 
our primary interest at this time is hydrolysis of steroid acetates. 


of 
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cate. The nitrogen was passed through a Seitz filter and bubbled through 
sterile water before entering the incubation flask. Blanks having no 
steroid were run simultaneously. After incubation, the protein was pre- 
cipitated by pouring the mixture into 8 volumes of hot ethanol (70°). The 
precipitate was collected by filtration on a Biichner funnel and washed 
with hot ethanol which was added to the filtrate. After dilution of the 
filtrate with water to an ethanolic concentration of 70 per cent, the solution 
was extracted three times with 0.2 volume of purified petroleum ether 
(35-45°). The petroleum ether was back-washed once with 10 ml. of 70 
per cent ethanol, and the ethanol washing was added to the main ethanol 
solution. The ethanol was removed in vacuo and the residual aqueous 
phase extracted six times with 25 ml. portions of ethyl ether. The ether 
extract was washed three times with 0.1 volume of distilled water, and these 
washings were back-washed once with 15 ml. of ethyl ether. The ether 
was distilled, the residue taken up in ethanol, and the amount of recovered 
steroid measured by ultraviolet absorption. In most experiments an ali- 
quot of this solution was chromatographed on paper strips by the method 
of Zaffaroni and Burton (21). The positions of the steroids on the paper 
strips were located by Tollens’ test (21) and the blue tetrazolium reaction 
as described by Burstein and Dorfman (22). Steroid acetates were not 
detected by paper chromatography in the experiments in which hydrolysis 
of the acetates occurred. The remaining solution was taken to dryness 
in vacuo and chromatographed on silica gel. 

The following compounds were incubated with Fisher’s preparation and 
extracted in the manner described: cortisone (Compound E) acetate, cor- 
tisol (Compound F) acetate, deoxycorticosterone acetate, 11-dehydrocorti- 
costerone (Compound A) acetate, pregnane-3a,20a-diol diacetate, tes- 
tosterone acetate, and epitestosterone acetate. The results of these 
incubations are shown in Table II. From 89 to 93 per cent of the mate- 
rial containing the a,8-unsaturated keto grouping was recovered, and from 
76 to 84 per cent of the theoretical amount of steroid (free alcohol) was 
obtained in pure crystalline form. In the experiment with Compound A 
acetate, it may be noted (Table II) that a considerable increase in the ratio 
of albumin to steroid acetate was required for hydrolysis but did not lower 
appreciably the recovery of steroid. 

The identity of the isolated products from the incubation mixtures was 
established by melting point, mixed melting point with authentic com- 
pounds, paper chromatography, and infrared spectroscopy.’ The results 
of these studies are summarized in Table III. 

Testosterone acetate, epitestosterone acetate, pregnane-3a,20a-diol di- 


7 The authors are indebted to Dr. William H. Elliott for the determination of 
infrared spectra. 
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TaBLeE II 
Hydrolysis of Steroid Acetates by Bovine Albumin (Fisher) 
Ultraviolet analysis | Crystalline material* 
Compound Hydrolysis 

Amount | Recovery | Amount, | Recovery 

mg. per cent mg. per cent 
3.99 91 3.0 84 +- 
Deoxycorticosterone acetate...... .... 4.57 92 3.1 76 + 
Bstrone acetate...................... 4.03 2.7 77 + 
Pregnane-3a,20a-diol diacetate.......| 8.00 6.8 85 ‘ins 
Testosterone acetate.................. 4.28 89 3.4 80 Sie 
Epitestosterone acetate............... 4.15 90 3.1 75 - 
Dehydroepiandrosterone acetatet..... 20 17.2 86 
Dihydrovitamin K, diacetatef......... 4.26 85 


* The values in these columns of the upper part are for the free alcohol. 
t 2.4 ml. of albumin solution per mg. of steroid were used, and the incubation was 


carried out for 3 days. 


t Incubated with Difco albumin (lot No. 101787). 


TABLE III 
Identification of Products of Hydrolysis of Steroid Acetates 
Identity with 
Mixed 
Compound — Mixed | + 
compound compound | Melting point, cetate of Paper 
(0) Infrared 
raphy 
(a) (6) (a) + (6) 
Cc. *C. 
Cortisone.............. 218 -220 | 218 -220 | 218 -220 | 185-215; + + 
216 -218 | 216 -218 | 216 -218 | 193-200; + + 
Deoxycorticosterone....| 140 -141 | 140 -141 | 140 -141 | 110-132 | + + 
A (Kendall’s).......... 178.5-180 | 178.5-180 | 175.8-180 | 146-161 | + 
257 -259 | 257 -259 | 257 -259 + 


acetate, dehydroepiandrosterone acetate, dihydrovitamin K, diacetate, 
and dihydrovitamin K:2 diacetate were not hydrolyzed by the procedure 
described. The incubation products in these instances were identified as 
the respective acetates or diacetates by melting points, mixed melting 
points with authentic compounds, or their ultraviolet spectra. 
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Since the above experiments were conducted with bovine blood albumin 
(Fisher and Difco), it was of interest to ascertain whether crystalline serum 
albumin was capable of hydrolyzing steroid acetates. Cortisone acetate 
was incubated for 48 hours in an atmosphere of nitrogen with 4 per cent 
crystalline bovine serum albumin in 25 per cent aqueous solution of pro- 
pylene glycol at pH 6.8. The recovery of crystalline product (86 per cent) 
and identification of the product of incubation as cortisone showed that 
crystalline bovine albumin hydrolyzes steroid acetates, presumably with {| 
the same limitation found for the non-crystalline albumin (Fisher). ie 


DISCUSSION 


The component of albumin responsible for the hydrolysis of steroid 
acetates appears to be useful mainly for acetates at position 21, since all 
such compounds which were studied were hydrolyzed, whereas the isomeric 
testosterone acetates, dehydroepiandrosterone acetate, and pregnane- 
3a,20a-diol diacetate were not. Since none of the acyl groups attached 
to asymmetric carbon atoms was hydrolyzed, this method of hydrolysis 
may be useful in chemical work at position 21 of steroid molecules where 
it is desired to protect all other hydroxyl groups as acetates. 

Although estrone acetate and o-nitrophenylacetate were readily hydro- 


lyzed by bovine blood albumin (Fisher), the diacetates of dihydrovitamins 9 
K, and Kz which are not readily hydrolyzed by conventional chemical 2 
2 


methods were not hydrolyzed by the albumin solutions or the citrus acety]- 
esterase. 

The ratio of albumin to steroid could be increased without appreciably 
affecting the efficiency of the extraction procedure, as indicated by the 
high recovery of steroid in the incubation of Compound A acetate. 


SUMMARY 


The optimal conditions for the hydrolysis of o-nitrophenylacetate by 
bovine blood albumin were pH 6.8, temperature 35°, and substrate concen- 
tration 2 K 10-* 

The C-21 acetates of cortisone, cortisol, deoxycorticosterone, 11-dehy- — 
drocorticosterone, and estrone-3-acetate were completely hydrolyzed by | 
preparations of bovine blood albumin; cortisone acetate was hydrolyzed 
by crystalline bovine serum albumin. ‘The acetates of testosterone, epites- 
tosterone, dehydroepiandrosterone, and the diacetates of pregnane-3a , 20a- 
diol, dihydrovitamin K,, and dihydrovitamin were resistant to hydroly- 
sis oy bovine blood albumin and citrus acetylesterase. 
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THE METABOLISM OF 21-DEOXYSTEROIDS* 


By JEAN-PIERRE ROSSELET, JOSEPH W. JAILER, 
AND SEYMOUR LIEBERMAN 


(From the Departments of Biochemistry, Medicine, and Obstetrics and Gynecology, 
College of Physicians and Surgeons, Columbia University, 
New York, New York) 


(Received for publication, August 13, 1956) 


It has previously (1) been postulated that, in congenital adrenal virilism 
with hyperplasia, one of the most important metabolic defects is the in- 
ability of the adrenal cortex to hydroxylate completely the steroidal pre- 
cursors of hydrocortisone. These partially hydroxylated intermediates 
may be secreted into the circulation and produce the pathological effects 
characteristic of the disease. In a previous investigation (1), the keto- 
steroids excreted in the urine of nine patients with congenital adrenal 
virilism were examined in an attempt to determine, from their chemical 
structures, the nature of the enzymatic defects present in the adrenals of 
such patients. In addition, the metabolites resulting from the adminis- 
tration of 21-deoxyhydrocortisone (118 ,17a-dihydroxy-A‘-pregnene-3 , 20- 
dione) and 17a-hydroxyprogesterone, two compounds which might be 
considered as partially hydroxylated intermediates between pregnenolone 
and hydrocortisone, were compared with those excreted endogenously by 
patients with congenital adrenal virilism. 

The present report is an extension of that study in that it describes in 
detail the isolation and identification of the urinary products resulting from 
the administration of 21-deoxyhydrocortisone to two patients with adrenal 
hypofunction and to one normal subject. To the normal individual, 
3a, 17a-dihydroxypregnane-11 ,20-dione was also fed, and the resulting uri- 
nary metabolites of this compound were identified. This paper further 
describes the isolation and characterization of two steroidal metabolites 
hitherto not reported in urine. One of these, 3a-hydroxy-A®"-pregnen- 
20-one, was identified by comparison with a sample previously prepared 
by Heymann and Fieser (2), and the other, 3a, 17a-dihydroxy-A®“-preg- 
nen-20-one, is a new compound and was identified by partial synthesis. 
In addition, this paper describes the artifactitious formation of 20-ketones 
from Cy7,Coo glycols during the acid hydrolysis of urine at elevated tem- 

* The authors gratefully acknowledge the partial support given them by a research 
grant (No. PHS-A110) from the National Institute of Arthritis and Metabolic Dis- 


eases of the National Institutes of Health, Department of Health, Education, and 
Welfare. 
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perature and thereby corrects a previous conclusion (1, 3) that 20-ketones 
could arise from 17a-hydroxy-20-ketones by metabolic removal of the 17a- 
hydroxy] group. 

The partial synthesis of 3a,17a-dihydroxy-A®“”-pregnen-20-one was car- 
ried out by treatment of the acetoxy derivative of 3a,118,17a-trihydroxy- 
pregnan-20-one-20-ethylene ketal (I) with POCI; in pyridine. This latter 
compound has been prepared by Oliveto et al. (4) by sodium borohydride 
reduction of the corresponding 11-keto-20-ethylene ketal which they made 
from the readily available 3a,17a-dihydroxypregnane-11,20-dione. De- 
hydration of the acetate of the ketal (I) with POC]; in pyridine resulted in 
the formation of the desired 3a-acetoxy-17a-hydroxy-A®“-pregnen-20-one 
(II), the removal of the ketal grouping having occurred concomitantly 
with dehydration. Further proof of structure was secured by conversion 
of II to the known A®@)-etiocholenolone by NaHB, reduction of the 20- 
ketone to the Ci7,C2o-glycol, followed by periodate oxidation of the glycol 
to the 17-ketosteroid. 


EXPERIMENTAL 


Metabolic Experiments with 118 ,17a-Dihydroxy-A‘-pregnene-3 , 20-dione 
(21-Deoxyhydrocortisone) 


Methods for Isolation of Urinary Metabolites—Urines obtained from each 
of the three individuals to whom 21-deoxyhydrocortisone was administered 
were subjected to two methods of hydrolysis (5). The urines were brought 
to pH 7 and acidified with one-ninth of their volume of 50 per cent sulfuric 
acid, resulting in a final acid concentration of 1.8 nN. The solutions were 
then continuously extracted with ether (previously distilled over NaOH) 
for 48 hours. The ether extracts were washed with a 5 per cent NaOH 
solution and then with water until neutral. After being dried with sodium 
sulfate, the extracts were evaporated to dryness in vacuo. The ketosteroid 
content of these crude extracts was determined by the Holtorff and Koch 
modification (6) of the Zimmermann reaction. 

The alkali and water washes from the above extracts were combined, 
acidified with 50 per cent sulfuric acid until blue to Congo red paper, 
and addcd to the residual urines. These were then heated for 20 to 30 
minutes at 100°, cooled, and extracted twice with distilled ether. The 


ether extracts were washed until neutral as above and evaporated to dry- ~ 
ness, leaving a residue containing those ketosteroids presumably excreted ~ 


as conjugates (probably glucuronides) which are not cleaved by the method 
of cold hydrolysis. 

The extracts from both the cold and hot hydrolyses were combined and 
chromatographed on alumina with use of the gradient elution technique 
previously described (7). In this process, from 96 to 100 fractions were 
obtained from the chromatogram, and 1 ml. aliquots of each were used for 
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the estimation of the 17-ketosteroid content by the Zimmermann reaction. 
When the results are plotted, micrograms per ml. versus fraction number, 
a pattern is obtained similar to that illustrated in Fig. 1. 

The identity of the steroids present in each peak of the chromatogram was 
in all cases established by means of infrared spectrometry (8). Carbon di- 
sulfide or chloroform solutions of the eluates were analyzed by either a 
model 12 Perkin-Elmer single beam spectrometer or a model 21-C Perkin- 
Elmer double beam spectrometer. In many instances, identities were 
further insured by crystallization of the metabolites and determination of 
their melting points and mixed melting points with authentic samples. 
Frequently, identities were also confirmed by means of the sulfuric acid 
chromogens; that is, ultraviolet spectra determined in concentrated sulfuric 
acid (9-12). In addition, the spectra in sulfuric acid were used for the 
quantitative analysis of the components of certain binary mixtures which 
were not resolved by the chromatographic method employed. ‘Two such 
inseparable mixtures, androsterone and A°-androstenolone and etiocholano- 
lone and A®-etiocholenolone, may be analyzed spectrophotometrically by 
determining the absorbance of each mixture at a wave length characteristic 
for each component of the mixture (12). 

Metabolism in Vivo in Normal Man—1.8 gm. of 21 -deoxyhydrocortisone 
(118 , 17a-dihydroxy-A‘*-pregnene-3 ,20-dione!) were given orally to a 32 
year-old normal man (Subject A). 200 mg. portions were fed three times 
daily over a period of 3 days. Urine specimens were collected for 5 days, 
the 3 days during the administration of the test substance and the follow- 
ing 2 days. The specimen of the 3rd day was treated separately, the 
result of the chromatographic analysis being shown in Fig. 1 (solid line). 
The pattern indicated by the dashed line (Fig. 1) represents the ketosteroids 
excreted by Subject A on the day before the administration of the test 
substance. The quantities of ketosteroids excreted by Subject A during 
this control period and on the 3rd day of the experiment are given in Table 
I. The means by which the various metabolites were identified are also 
indicated. One-fifth of the pooled urine from the Ist, 2nd, 4th, and 5th 
days of the experiment was hydrolyzed and chromatographed in the man- 
ner described above in order to permit the calculation of the yield of the 
various metabolites excreted (Table II). The amounts of isolated metabo- 
lites recorded in Tables I and II were obtained, unless otherwise indicated, 
by adding the Zimmermann values of each fraction comprising the peak 
and making the appropriate correction for differences in chromogenicity. 
The details of the isolation of the metabolites excreted on the 3rd day are 
given below. 

In the control period, Fractions 2 to 8, containing 0.5 mg. of the Zimmer- 


1 We are greatly indebted to The Upjohn Company, Kalamazoo, Michigan, for a 
generous supply of this substance. 
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mann chromogen, and Fractions 17 to 27, containing 0.6 mg. of the Zimmer. 
mann chromogen, could not be identified by infrared spectroscopy. The 
material present in Fractions 28 to 44 was found to be a mixture of andros- 
terone and A®-androstenolone. The relative concentration of each com- 
pound was estimated from an analysis of the ultraviolet spectrum of a 
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Fic. 1. Pattern of urinary steroid excretion, as determined by gradient elution 
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chromatography, the day before (dashed line) and the 3rd day after (solid line) the 
oral administration of 21-deoxyhydrocortisone. 


sulfuric acid solution of the mixture (12). The compounds found in Frac- 
tions 45 to 59 were etiocholanolone and A?®-etiocholenolone, the quantities 
of which were also estimated from their sulfuric acid chromogens. The 
only other ketosteroid identified in the control period was 11-ketoetio- 
cholanolone, which was detected in Fractions 71 to 76 by infrared spec- 
troscopy. 

In the test period, Fractions 2 to 13 (1.2 mg.) could not be identified by 
infrared analysis. The material in Peak II (Fractions 14 to 27) was 
crystallized from ether-ligroin to give 2.7 mg. of a product which melted 
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Urinary Metabolites Excreted by Subject A before and after Administration of 


118, 17a-Dihydrozy-A‘-Pregnene-3 ,20-dione (21-Deoxyhydrocortisone) 


Vil 


dione (21-deoxytetrahydrocorti- 
sone) 


Steroids isolated 
Chromato- Method of 
graphic Metabolite identifi- Day of experiment 
Fraction 
Nos. Control 
| met | me. t 
14-27 | Pregnane-3a, 118, 17a, 20a-tetrol a,c 8.5 | 31.0 
(isolated as 3a-hydroxy-A%)- 
pregnen-20-one) 
28-44 | 3a-Hydroxyandrostan-17-one (an- | a, b 3.1 3.1 | 13.4 
drosterone) 
45-59 | 3a-Hydroxyetiocholan-17-one (etio- | a, b 3.7 2.6 | 12.0 
cholanolone) 
28-44 | 3a,118-Dihydroxyandrostan-17-onef! a, b 0.9§ | 2.1§ | 3.3§ 
(118-hydroxyandrosterone) 
45-59 | 3a,118-Dihydroxyetiocholan-17- a, b 0.8 2.6 | 11.0 
onef (118-hydroxyetiocholano- 
lone) 
71-81|| | 3a-Hydroxyetiocholane-11,17-dione | a, b 0.9 1.7 3.0 
(11-ketoetiocholanolone) 
60-70 | 3a,17a,20a-Trihydroxypregnan-ll- | a, b,c 13.2 | 36.0 
one (isolated as 3a-hydroxypreg- 
nane-11,20-dione) 
71-81 | 3a,118,17a-Trihydroxypregnan-20- | a, b,c 8.5 | 30.0 
one (isolated as 3a, 17a-dihydroxy- 
88-94 | 3a,17a-Dihydroxypregnane-11,20- | a 11.2 | 75.0 


* The methods used for identification were: a, infrared spectrum; b, ultraviolet 
spectrum in concentrated sulfuric acid; c, melting point and mixed melting point. 
t Quantities determined by the Zimmermann reaction and corrected for the dif- 


ference in chromogenicity. 


With use of dehydroisoandrosterone as standard of 1, 


the chromogen values were 3a-hydroxy-A*")-pregnen-20-one = 0.2, 3a-hydroxy- 
pregnan-20-one = 0.1, 3a-hydroxy-A®-etiocholen-17-one = 0.9, 3a-hydroxypregnane- 
11,20-dione = 0.5, 3a-hydroxyetiocholane-11,17-dione = 1.3, and 3a, 17a-dihydroxy- 
= 0.1. | 

t These compounds were isolated as their A® artifacts and were found in appropri- 
ate peaks, together with their saturated analogues. 

§ Uncorrected Zimmermann values. 

| In the chromatogram of the control extract, 11-ketoetiocholanolone was found 
in Fractions 71 to 76. 
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TaBLeE II 
Urinary Metabolites Recovered after Administration of 21-Deozrysteroids 


3a, 17a-Dihydroxy- 
118,17a-Dihydroxy-A‘-pregnene-3 , 20-dione pregnane-11, 20- 
Recovered metabolites dione 


Subject A Subject B Subject C Subject A 


mg.* \per cent| mg.t mg.t mg.t per cent 


. 3a-Hydroxyandrostane- 
11,17-dione (11-keto- 
androsterone)......... 20.7 | 2.3 

2. 3a-Hydroxyetiocholane- 
11,17-dione (11-keto- 
etiocholanolone)....... 0.2 0.01 | 12.5 | | 2.0} 2.1 0.1 

3. 3a,118-Dihydroxyan- 
drostan-17-one (118- 
hydroxyandrosterone). 0.9 | 0.05 | 9.5 | 1.1 | 20.5 | 2.3 

4. 3a,118-Dihydroxyetio- 
cholan-17-one (118- 
hydroxyetiocholano- 
cae 9.6 | 0.5 12.2 | 1.4 

5. 3a, 17a-Dihydroxypreg- 
nane-11,20-dione (21- 
deoxytetrahydrocorti- 
§ § 114] 6.3 

6. 3a,118,17a-Trihydroxy- 
pregnan-20-one (iso- 
lated as 3a,17a-dihy- 
droxy-A*“)-pregnen- 
20-one)..............| 388.5 | 2.1 | 51.0]] | 5.7 | 72.0]] | 8.0 

7. 3a,17a,20a-Trihydroxy- 
pregnan-ll-one (iso- 
lated as 3a-hydroxy- 
pregnane-11,20-dione).| 49.2 | 2.7 | 23.2 | 2.5 | 15.7 | 1.7 |472|| | 26.2 

8. Pregnane-3a, 118, 17a, - 

20a-tetrol (isolated as 

3a-hydroxy-A*!)- 

pregnen-20-one)....... 39.5 | 2.2 | 52.8 | 5.9 


* Amount recovered (corrected for endogenous production) from urine collected 
over a 5 day period; the test substance was administered during the first 3 days. 

t Amount recovered from urine collected over a 3 day period, during which the 
test substance was administered. 

t Amount recovered (corrected for endogenous production) from urine collected 
over a 4 day period, during the first 3 days of which the test substance was adminis- 
tered. 

§ Identified by infrared analysis. 

|| Determined from the weight of the isolated metabolite. 

Isolated as 
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at 164-168°. Its infrared spectrum in carbon disulfide solution possessed 
absorption bands at 3605 cm.—! (hydroxyl region), 1707 cm.— (possibly 
indicative of a Coo-ketone), and 821 cm.—! (possibly indicating the presence 
of a A°“) double bond) (8). These data, taken together with the melting 
point and the structure of the progenitor, 21-deoxyhydrocortisone, led us 
to consider 3a-hydroxy-A®“)-pregnen-20-one as the isolated product. This 
compound had previously been prepared by Heymann and Fieser (2), and, 
with a sample generously made available to us by these investigators, it was 
possible to confirm, by mixed melting point and infrared spectra, the 
identity of the two preparations. 

The material in Peak III (Fractions 28 to 44) was identified, by infrared 
spectroscopy and sulfuric acid chromogen, as a mixture of androsterone 
(60 per cent) and A%-androstenolone (40 per cent). Peak IV (Fractions 
45 to 59) was shown by the same criteria to consist of etiocholanolone (50 
per cent) and A®-etiocholenolone (50 per cent). 

The identity of the substance present in Peak V (Fractions 60 to 70) 
was determined by infrared spectroscopy to be 3a-hydroxypregnane-11 ,20- 
dione. Purification by chromatography on alumina yielded 2,1 mg. of a 
sample which melted at 172-174° (from ether). When mixed with an 
authentic sample, the mixture melted at 173-176°. Its infrared spectrum 
was indistinguishable from that of the standard substance. 

Infrared analysis of the metabolites isolated in Peak VI (Fractions 71 to 
81) revealed a mixture of 11-ketoetiocholanolone and a new compound 
whose structure was subsequently established by partial synthesis. This 
compound, was isolated from 
these fractions by recrystallization from aqueous methanol (1.1 mg.), 
m.p. 211-215° (corrected). Its identity was deduced by a consideration 
of its infrared spectrum and the structure of the administered compound. 
The spectrum indicated the presence of a 17a-hydroxy-20-keto side chain 
(absorption bands at 1695 cm.—! and 1707 cm.— in CS.) and an isolated 
double bond (absorption band at 823 cm.—!). The substance gave a posi- 
tive test with C(NO.), and formed an acetate melting at 203-205° (cor- 
rected) which depressed the melting point of the unacetylated material. 
These facts led us to prepare 3a-acetoxy-17a-hydroxy-A®“-pregnen-20-one 
‘yy the reaction outlined above. Identity of the synthetic substance with 


_ the acetate of the urinary product was established by mixed melting point 


and infrared analysis. The substance present in the mother liquor of the 
above compound was identified by infrared analysis as 11-ketoetiocholano- 
lone. Its quantity was estimated by a Zimmermann determination on an 
aliquot of the mother liquor. 

The compound present in Peak VII (Fractions 88 to 94) was shown by 
infrared analysis to be 3a, 17a-dihydroxypregnane-3 ,20-dione (13, 14). 


ae 
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Metabolism in Vivo in Adrenalectomized Woman—The subject used was a 
41 year-old bilaterally adrenalectomized woman (Subject B) whose 24 
hour ketosteroid excretion, determined colorimetrically prior to the experi- 
ment, was 4.4 mg. Chromatographic analysis of the neutral, ether-soluble 
extract of her urine resulted in the isolation of no identifiable steroid. To 
this subject, 900 mg. of 21-deoxyhydrocortisone were given orally over a 
period of 3 days in three daily portions of 100 mg. each. 2000 ml. of the 
4320 ml. of urine excreted during the 3 days the test substance was ad- 
ministered were hydrolyzed and extracted in the usual way. The keto- 
steroid content of the crude extract was 30.3 mg., two-thirds of which was 
used for chromatography. The metabolites identified, the amount of 
each recovered from the 3 day urine sample, and the percentage recovered 
are given in Table II. 

Fractions 15 to 26 (150 to 230 ml. of eluent) were found by infrared 
spectroscopy to contain 3a-hydroxy-A®“)-pregnen-20-one. 

The substance present in Fractions 47 to 61 (330 to 410 ml. of eluent) 
was identified by infrared analysis as 11-ketopregnanolone. Recrystalli- 
zation from ether-ligroin gave 3.3 mg., melting at 173-175°. Its identity 
was confirmed by mixed melting point with an authentic sample and by 
infrared analysis. 

Fractions 72 to 82 (520 to 690 ml. of eluent) contained 16 mg. of crystal- 
line material which, after recrystallization from methanol-ether-ligroin, 
gave 6.4 mg. of pure 3a,17a-dihydroxy-A®“-pregnen-20-one, m.p. 208- 
212°, identified by mixed melting point determination and infrared analy- 
sis. ‘The three remaining substances isolated from the urine of this pa- 
tient, 11-ketoetiocholanolone, 116-hydroxyandrosterone, and 21-deoxytet- 
rahydrocortisone, were identified by infrared analysis of the appropriate 
chromatographic fractions. 

Metabolism in Vivoin Male with Addison’s Disease—900 mg. of 21-deoxy- 
hydrocortisone were given orally to a 49 year-old male with Addison’s 
disease (Subject C) over a period of 3 days in three daily portions of 100 
mg. each. The urine collected during these 3 days and the following 2 
days amounted to 12,028 ml. 2000 ml. of this pool were hydrolyzed, and 
the neutral extract containing 18.0 mg. of Zimmermann chromogens was 
used for the chromatographic analysis. 

A control 24 hour urine specimen obtained the day before the adminis- 
tration of test substance contained 4.0 mg. of ketosteroids. Chromato- 
graphic analysis of this sample revealed only 0.4 mg. of androsterone and 

0.7 mg. of etiocholanolone, both of which were probably of testicular origin. 
The steroids identified in the urine excreted during the test period are 
presented in Table II. Fractions 12 to 19 yielded 1.1 mg. of material 
which responded to the Zimmermann reaction but which could not be 
identified. 
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Fractions 48 to 55 (340 to 380 ml. of eluent) yielded 3.2 mg. of an amor- 
phous material whose infrared spectrum was identical in every respect with 
that of 11-ketopregnanolone. Attempts to crystallize this substance were 
not successful. 

Fractions 77 to 85 (560 to 690 ml. of eluent) contained 12 mg. of material 
which yielded, upon crystallization from methanol-ether-ligroin, 4.2 mg. 
of crystalline 3a, 17a-dihydroxy-A®“-pregnen-20-one, m.p. 208—211° (aque- 
ous methanol). Its identity was confirmed by infrared analysis and mixed 
melting point. | 

The remaining metabolites isolated from this urine, 11-ketoandros- 
terone, 11-ketoetiocholanolone, 118-hydroxyandrosterone, 118-hydroxy- 
etiocholanolone, and 21-deoxytetrahydrocortisone, were identified by in- 
frared analysis of the appropriate chromatographic fractions. 


Metabolic Experiment with 3a ,17a-Dihydroxypregnane-11 ,20-dione 
(21-Deoxytetrahydrocortisone) in Normal Male 


0.6 gm. of 21-deoxytetrahydrocortisone was given orally to a 32 year- 
old normal man in equal portions each day for 3 days. Urine was collected 
during this time and for a 4th day. The pooled urine (4000 ml.) was 
filtered through Celite, and two-thirds of the filtrate was hydrolyzed as 
follows: The urine (2.6 liters) was adjusted to pH 5.0 with 1 N H.SO,. 
Then 130 ml. of freshly prepared acetate buffer and 600,000 units of 6-glu- 
curonidase (Warner-Chilcott’s Ketodase) were added to the urine, and 
the mixture was incubated for 5 days at 37°. A chloroform extract of this 
mixture was washed with 5 per cent NaOH and H.0O, and then dried over 
Na,SO, and evaporated to dryness in vacuo. A semicrystalline residue 
(A), weighing 1.15 gm., remained. 

The residual urine from the enzyme hydrolysis plus the acidified alkaline 
washings of the chloroform extract were pooled and acidified so that the 
resulting solution was 1.8 N with respect to H2SO,. Continuous extraction 
of this solution with ether for 48 hours provided a neutral residue (B) 
weighing 80 mg. The residual urine was combined with the acidified alka- 
line extract from residue B and heated for 30 minutes at reflux tempera- 
ture. Extraction of this hydrolysis mixture with ether, followed by wash- 
ing with alkali and H.O, provided the neutral residue (C). 

Residue A was partitioned into ketonic and non-ketonic fractions with 
1 gm. of Girard’s Reagent T, 0.3 ml. of glacial acetic acid, and 15 ml. of 
methanol (reflux time, 1 hour). This separation afforded 209 mg. of an 
oily ketonic fraction (AK) and 571 mg. of a partially crystalline non-ketonic 
fraction (ANK). 

Direct recrystallization of Fraction ANK from methanol-ether-ligroin 
and then from methanol-water yielded 226 mg. of 3a,17a,20a-trihydroxy- 
pregnan-ll-one (ANK-1), previously isolated by Finkelstein, von Euw, 
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and Reichstein (15) from the urine of a patient with pseudohermaphrodi- 
tism and more recently by Fukushima et al. (16) from the urine of a man 
with adrenal hyperplasia and a man with Cushing’s syndrome. This 
substance melted at 210—212° with preliminary softening at 189°. Its in- 
frared spectrum in chloroform solution showed a strong hydroxyl] absorp- 
tion at 3575 cm. and a single strong carbonyl] absorption band at 1697 
cm.—', It showed no absorption in the ultraviolet region and gave a nega- 
tive blue tetrazolium test. Acetylation yielded the diacetate which, when 
recrystallized from acetone-ether, melted at 225-226°. Finkelstein et al. 
(15) reported the melting point of the trihydroxyketone as 208-210°, with 
preliminary softening at 191—193°, and the melting point of its diacetate 
as 225-226°. 

To 10 mg. of 3a,17a,20a-trihydroxypregnan-1l-one dissolved in 5 ml. 
of 50 per cent acetic acid was added 0.6 gm. of NaBiO;. After the mix- 
ture was shaken in the dark for 30 minutes, 6.5 ml. of a 6 per cent Na.S,0; 
solution were added with shaking. When the excess bismuthate was com- 
pletely reduced, the mixture was extracted with CH2Cl2 Evaporation 
of the washed CH.Cl, extract yielded 7.4 mg. of 3a-hydroxyetiocholane- 
11,17-dione. Recrystallization from ether gave a product melting at 187- 
189°. Identification was made by mixed melting point with an authentic 
sample and infrared analysis. 

The residue left in the mother liquor of Fraction ANK-1 weighed 310 mg. 
and yielded, on chromatography on 30 gm. of Florisil, an additional 89 
mg. of 3a,17a,20a-trihydroxypregnan-11-one. 

Fraction AK was chromatographed on a partition chromatogram with 
10 gm. of Celite as a support, 10 ml. of 60 per cent methanol-water (v/v) 
as a Stationary phase, and 50 per cent benzene-ligroin C as a mobile phase. 
10 ml. fractions were collected at a rate of 1 ml. per minute. The first 
320 ml. collected contained the least polar 17-ketosteroids (Fraction AK-1). 
Fractions 38 to 67 (380 to 670 ml. of eluent) yielded 76 mg. of crystalline 
material. After recrystallization from aqueous methanol, it melted at —| 
203-205° and was identified by mixed melting point (202—204°) and in- © 
frared analysis as 3a, 17a-dihydroxypregnane-11 ,20-dione. No additional 
material could be isolated from this chromatogram. 

One-half of Fraction AK-1, weighing 31 mg., was chromatographed on © 
alumina (Woelm) by using the gradient elution method, resulting in the ~ 
isolation of 2.3 mg. of androsterone, 2.1 mg. of etiocholanolone, and 1.9 © 
mg. of 11-ketoetiocholanolone. 

The residue obtained from the acid hydrolysis of the urine at room tem- _ 


perature (residue B) weighed 80 mg. and was chromatographed on 15 gm. ~ 


of alumina. Two ketosteroid fractions were obtained. One, 0.4 mg., was a 


identified by infrared analysis to be a mixture of dehydroisoandrosterone — 
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and isoandrosterone. The other, containing 0.8 mg. of androsterone, was 
identified also by infrared analysis. 

Residue C obtained from the hydrolysis at elevated temperature was 
chromatographed on 15 gm. of alumina with use of gradient elution. Only 
one substance, androsterone, was identified by infrared analysis. The 
amount isolated was 1.1 mg. as estimated by the Zimmermann determina- 
tion. Crystallization afforded pure androsterone, m.p. 183-184°; mixed 
melting point with an authentic sample gave no depression. 


Partial Synthesis of 3a-Acetoxy-17a-hydroxry-A®"-pregnen-20-one 


200 mg. of 3a,118,17a-trihydroxypregnan-20-one-20-ethylene ketal (pre- 
pared by the method of Herzog et al. (17) from 3a, 17a-dihydroxypreg- 
nane-11 ,20-dione*) were acetylated at room temperature with 2.2 ml. of 
acetic anhydride in 3.5 ml. of absolute pyridine. The crude acetate (192 
mg., obtained in the usual way) was dissolved in 2.0 ml. of absolute pyri- 
dine and treated with 1 ml. of POCI;. The resulting mixture was kept at 
0° for 1 hour and then at room temperature for 20 hours. The crude dehy- 
dration product was obtained by evaporating the mixture to dryness in 
vacuo at room temperature. The residue was dissolved in 200 ml. of a 
mixture of chloroform and ether (1:3), and the solution was washed until 
neutral. The reaction product (112 mg.), remaining after evaporation of 
the solvents, was recrystallized from aqueous methanol to yield 62 mg. of 
needles melting at 204-206.5°; [a]?? +55.3° + 2° (12.3 mg. in 1.00 ml. of 
methanol). Szpilfogel and Gerris (18) also recently reported the prepara- 
tion of this compound. 


Ceo3H3,0,. Calculated, C 73.76, H 9.15; found,? C 73.80, H 9.23 


Infrared analysis proved that this substance was identical with the ace- 
tate of the compound isolated from the urines of Subjects A, B, andC. A 
mixture of the acetate of the urinary metabolite and the synthetic acetate 
melted at 202-205°. | 

The structure of this compound was confirmed by degradation to A%- 
etiocholenolone. A solution of 300 mg. of sodium borohydride in 2 ml. of 
water was added to 150 mg. of 3a-acetoxy-17a-hydroxy-A®“”-pregnen-20- 
one dissolved in 20 ml. of methanol. After standing at room temperature 
for 25 hours, the unchanged sodium borohydride was filtered off. The 
reaction product obtained by dilution of the concentrated filtrate with 
water weighed 96 mg. It was dissolved in 10 ml. of methanol to which 
were added 200 mg. of HIO, dissolved in 5 ml. of water. The next day the 


?'We wish to express our thanks to the Schering Corporation, Bloomfield, New 
Jersey, for making this compound available to us. 
* Analysis performed by Dr. Peister, Brugg, Switzerland. 
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methanol was removed in vacuo at room temperature, and the oxidation 
product extracted with ether. The residue, 51 mg., left after evaporation 
of the washed ether solution, was saponified by being heated for 30 minutes 
in 10 ml. of methanol containing 2 ml. of a 2.5 per cent methanolic solution 
of KOH. The reaction mixture was poured on water and extracted with 
ether. The residue, remaining after evaporation of the washed ether solu- 
tion, weighed 39 mg. and was purified by chromatography on alumina. 
The fraction eluted with benzene-ether (9:1) was crystallized from ether- 
ligroin to yield 26 mg. of 3a-hydroxy-A°-etiocholen-17-one, m.p. 166—168°. 
Its identity was confirmed by mixed melting point with an authentic sample 
and by infrared analysis. 


Effect of Acid Hydrolysis 


8a ,17%7a-Dihydroxypregnane-11,20-dione—A solution of 50 mg. of this 
substance dissolved in 3 ml. of propylene glycol was added to a boiling 
solution of 100 ml. of 50 per cent H.SO, in 900 ml. of water. After boiling 
for 30 minutes, the solution was cooled and extracted three times with 400 
ml. portions of ether. The ether solution was washed until neutral, dried 
over sodium sulfate, and evaporated to dryness, leaving a residue weigh- 
ing 58 mg. This was chromatographed on 16 gm. of alumina (Woelm, 
containing 8 per cent water), benzene and benzene-ethanol mixtures being 
used as eluents. The fraction eluted with 4 per cent ethanol and benzene 
weighed 50.7 mg. and, after recrystallization from ether, afforded 46 mg. 
of the starting material melting at 202-204°. Mixed melting point and 
infrared analysis confirmed its identity. 

Pregnane-8a ,118 ,17a,20-tetrol (19)—100 mg. of this substance dis- 
solved in 9 ml. of propylene glycol were treated with sulfuric acid as above. 
The neutral residue obtained by ethyl] acetate extraction of the hydrolysis 
mixture weighed 102 mg. and was partitioned into ketonic and non-ketonic 
fractions with 250 mg. of Girard’s Reagent T. The ketonic fraction 
weighed 32 mg. and was chromatographed on 4 gm. of alumina. From 
the fraction eluted with benzene were obtained 15 mg. of a substance 
identified as 3a-hydroxy-A®")-pregnen-20-one, m.p. 159-161°. Its iden- 
tity was established by mixed melting point and infrared analysis. 

Benzene containing 0.5 per cent ethanol eluted 5 mg. of a crystalline 
material, melting at 219-221°, which was not further investigated. 

The non-ketonic fraction obtained from the above procedure weighed 72 
mg. and, although it was carefully chromatographed on 5 gm. of Florisil, 
no crystalline material was obtained. 


DISCUSSION 


Previous studies of the metabolism of 21-deoxysteroids have been car- 
ried on with use of 17a-hydroxyprogesterone (20, 21, 1) and 21-deoxy- 
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cortisone (14). The former compound has been shown to be converted 
efficiently to pregnanetriol (21) and, in poor yield, into androsterone and 
etiocholanolone (20, 1). Another metabolite isolated from the urine after 
the oral administration of 17a-hydroxyprogesterone is 17a-hydroxypreg- 
nanolone, a substance isolated from the urine of four out of the nine pa- 
tients with congenital adrenal hyperplasia previously studied (1). This 
metabolite has also been isolated from the urine of normal individuals (22, 
5) and, in elevated amounts, from the urine of patients with adrenal hy- 
perplasia (23, 24). 

Burstein, Savard, and Dorfman (14) have investigated the urinary 
metabolites excreted after the administration of 21-deoxycortisone to two 
patients with rheumatoid arthritis. They isolated the C2 steroid, 3a,17a- 
dihydroxypregnane-11,20-dione in 0.4 per cent yield and the 17-keto- 
steroids, 11-ketoetiocholanolone (0.3 per cent), 118-hydroxyandrosterone 
(0.2 per cent), and 118-hydroxyetiocholanolone (0.4 per cent). In this 
study the oral administration of 21-deoxyhydrocortisone led to the isola- 
tion of four Cig 11-oxy-17-ketosteroids in yields of 2 per cent or less. The 
compounds identified were 11-ketoandrosterone (only from Subject C), 
11-ketoetiocholanolone, 118-hydroxyandrosterone, and 118-hydroxyetio- 
cholanolone (only from Subjects A and C). The C2; metabolites isolated 
were 3a,118,17a-trihydroxypregnan-20-one (Compound 6, Table II); a 
new metabolite recovered as its A® artifact, 3a ,17a,20a-trihnydroxypregnan- 
1l-one (Compound 7, Table II), isolated as the 17-deoxy-20-ketone , 11- 
ketopregnanolone; and pregnane-3a ,118,17a,20a-tetrol (Compound 8, Ta- 
ble II), isolated as the A%-20-ketone, 3a-hydroxy-A*“”-pregnen-20-one. 
The tetrol, Compound 8, has recently been isolated by Fukushima eé al. 
(16) from the urine of a man with adrenal hyperplasia and a man with 
Cushing’s syndrome. These investigators also isolated, from the same 
urine specimens, Compound 7, 3a,17a,20a-trihydroxypregnan-ll-one, a 
compound first reported by Finkelstein et al. (15). 

The urine samples obtained from the three subjects to whom 21-deoxy- 
hydrocortisone was administered, as well as those urine samples from the 
nine patients with congenital adrenal hyperplasia previously described (1), 
were all subjected to a two-step acid hydrolysis. This consisted of acidifi- 
cation of the urine with sulfuric acid to 1.8 Nn, followed by continuous ex- 
traction with ether at room temperature. After 48 hours, the residual 
urine was boiled with acid for 20 to 30 minutes and then reextracted with 
ether. The combination of these two procedures has been shown (5) to 
hydrolyze the 17-ketosteroid conjugates adequately, provided that ac- 
count is taken of the artificial formation of the A® compounds from the 
116-hydroxy metabolites. To determine the effect of boiling with acid 
upon the nature of the urinary substances isolated after the administration 
of a 21-deoxy-20-ketosteroid, 3a,17a-dihydroxypregnane-11 ,20-dione was 
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fed to Subject A. The urine collected during this time was hydrolyzed by 
three methods: enzyme hydrolysis with 6-glucuronidase for 5 days, 1.8 n 
acid hydrolysis at room temperature, and then boiling at reflux tempera- 
ture. From the glucuronidase hydrolysis, the starting substance, Com- 
pound 5, was recovered in 6 per cent yield. Compound 7, the metabolite 
formed from the starting material by reduction of the 20-ketone, was re- 
covered in 26 per cent yield. 11-Ketoetiocholanolone, formed by removal 
of the side chain, was isolated in amounts not significantly different from 
those excreted endogenously. 

The absence of 3a,118,17a-trihydroxypregnan-1l-one (Compound 6), 
3a-hydroxypregnane-11 ,20-dione (11-ketopregnanolone), and pregnane- 
3a,118,17a,20a-tetrol (Compound 8) in this enzyme-hydrolyzed extract is 
noteworthy in two respects. First, no metabolite was isolated which bore 
a hydroxyl group at Cu. This fact is reminiscent of the recent findings of [| 
Hubener e¢ al. (25), who demonstrated that the metabolic reduction of an | 
11-ketone to an 116-hydroxyl group by rat liver preparations occurred [| 
only when the substrate possessed an a,8-unsaturated carbonyl group in 
ring A. In view of this finding, it is likely that the absence of an unsat- 
urated carbonyl group in the administered substance was associated with 
the failure to convert this Cy, ketone to metabolites possessing the 116- 
hydroxyl group. Secondly, the absence of 11-ketopregnanolone, 3a-hy- 
droxy-A®@))-pregnen-20-one, or other C2: metabolites lacking the 17a-hy- 
droxy group in this extract as well as in acid-hydrolyzed residues B and © 
C, suggested that these C2; 17-deoxy metabolites were present in the three | 
previous urinary extracts only as a result of the artificial formation by acid 
hydrolysis from the corresponding 17a,20a-glycols. To test this, preg- | 
nane-3a ,118,17a,20-tetrol was subjected to conditions simulating those — 
used for the acid hydrolysis of urine. The A%-20-ketone, 3a-hydroxy-A%™)- 
pregnen-20-one, resulting from the loss of 2 moles of water, was isolated in _ 
15 per cent yield. This result proved that the 17-deoxy-20-ketones, 
3a-hydroxypregnane-11,20-dione and 
isolated from the urines of Subjects A, B, and C after the administration of 
21-deoxyhydrocortisone, were artifacts of hydrolysis and were not products 
formed by the metabolic dehydroxylation of the tertiary 17a-hydroxy 
group, as had been previously thought (1, 3). 

Although Steiger and Reichstein (26) had shown as early as 1938 that 
heating with methanolic sulfuric acid converted the glycol, pregnane- 
38 ,17a,208-triol, to the 20-ketone in 10 per cent yield, several investigators 
since then have isolated 17a,20a-dihydroxypregnanes from urines boiled 
with acid. Three 17a,20a-diols have been isolated from urine: pregnane- | 
3a ,17a,20e-triol, A®-pregnene-38 ,17a,20a-triol, and 3a,17a,20a-trihy- 
droxypregnan-ll-one. Pregnane-3a,17a,20a-triol was first isolated by | 
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Butler and Marrian (27) and later by Miller and Dorfman (24) from un- 
hydrolyzed urine; however, Mason and Kepler (28) isolated it from four 
urinary samples, each of which had been boiled with concentrated HCl 
(0.1 volume) for 10 minutes. More recently, Bongiovanni et al. (21) de- 
vised a spectroscopic method for the estimation of pregnanetriol and, by 
means of it, demonstrated the presence of the triol in extracts of urines 
boiled with 0.1 volume of concentrated HCl for 10 minutes. A*-Pregnene- 
38 ,17a,20a-triol was isolated by Hirschmann and Hirschmann (29) from 
urine which had been heated at reflux temperature for 20 minutes with 
0.05 volume of concentrated HCl. Finally, 3a,17a,20a-trihydroxypreg- 
nan-1l-one was isolated by Finkelstein ef al. (15) from urine boiled with 
HCl for 20 minutes. In none of the instances cited was the expected 20- 
ketone that would have resulted from glycol dehydration recovered, nor 
was there isolated from these urines or from our model experiment any 
other products (p-homo compounds?) which could have been formed by 
the pinacol-pinacolone rearrangement of the glycols. Klyne (30) has 
pointed out that the 17a,208-diol would exist in the trans conformation 
which is required for the rearrangement more readily than would the 
17a,20a isomer. He subjected both pregnane-38 ,17a,20a-triol and its 
208 isomer to methanolic sulfuric acid hydrolysis. From each isomer the 
20-ketone (in 15 per cent yield) as well as some unchanged triol was re- 
covered. 

The p-homoannulation of 17a-hydroxy-20-ketosteroids by Lewis acids 
or by bases has recently been investigated by Fukushima e¢ al. (31). Fur- 
thermore, Fukushima and Gallagher (22) have established that several 
urinary steroids previously isolated (23) from acid-boiled urines by pro- 
cedures involving chromatography on alumina were p-homo compounds 
formed by rearrangement of 17a-hydroxypregnanolone. Since two sub- 
stances with the 17a-hydroxy-20-keto side chain were used as test sub- 
stances in the experiments described in this paper, the effect of mineral acid 
hydrolysis on such a ketol was also determined. 3a,17a-Dihydroxypreg- 
nane-11 ,20-dione was boiled for 30 minutes in a 1.8 N solution of sulfuric 
acid. The residue obtained following the extraction of the cooled solution 
with ether was chromatographed on alumina (Woelm). In this way a 
quantitative recovery of the starting material was obtained. Thus, in 
contrast to the situation which holds with Lewis acids such as boron tri- 
fluoride or aluminum fert-butylate or with bases, heating with mineral acid 
did not resultin rearrangement to the p-homocompound. Itisevident that 
the sample of alumina employed in this experiment did not cause a rear- 
rangement, although in general our experience confirms that of Hirschmann 
and Hirschmann (32) that chromatography on alumina may easily effect 
this conversion. 
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During the past two decades a considerable body of knowledge of ana- 
bolic and catabolic pathways through which the steroid hormones pass has 
been accumulated. By integrating this knowledge of the biosynthesis and 
the degradation of the hormones, it is now possible, in many circumstances, 
to derive a rational picture of steroid hormone biochemistry which can be 
correlated well with existing biochemical and physiological situations, 
One instance from which this kind of rationalization has led to a reasonable 
biochemical basis for a disease has been congenital adrenal hyperplasia 
with virilism (1). It is now generally accepted that a metabolic defect 
present in the adrenals of patients with this disease results in the overpro- 
duction of steroids which have different biological properties than hydro- 
cortisone, and this results in the pathological characteristics of the disease. 
One thesis (1) suggests that the defect exists in those enzymes of the 
adrenal glands which are concerned with the transformation of pregneno- 
lone to hydrocortisone. The enzymes that may be involved are the 
Cug-, Ciza-, or Co; hydroxylases, or the 38-dehydrogenase which is responsi- 
ble for the conversion of the A®-38-hydroxy grouping into the a,@-unsatu- 
rated 3-ketone. Relative failure of one or more of these enzyme systems 
could result in the piling up of partially hydroxylated precursors of hydro- 
cortisone which are then further metabolized along well known paths to, 
among other products, Cis androgens (possibly re 
A‘-androstenedione, or testosterone). 

An analysis of the urinary metabolites identified in patients with con- 
genital adrenal hyperplasia has led (1, 34, 35) to the belief that this disease 
is not characterized by a single enzymatic block. Steroids of the following 
types have been isolated from the urines of patients with adrenal hyper- 
plasia: Cy, steroids with oxygen functions at C3 and C7, Cig steroids with 
oxygen functions at C3, Ci, and Ci, C2: steroids with oxygen functions at 
C3, Ciz, and Coo, and C2; steroids with oxygen functions at C3, Cy, C17, and 
Coo. Metabolites of this nature also have been shown to be excreted in 
the urine after the exogenous administration of 17a-hydroxyprogesterone 
(20, 21, 1) or 21-deoxycortisone (14) or 21-deoxyhydrocortisone (this pa- 
per), the probability thus being that these C2; deoxy compounds are among 
the partially hydroxylated intermediates produced by the glands of pa- 
tients with congenital adrenal hyperplasia. 

In pure congenital adrenal virilism, the overproduced, unwanted metab- 
olites may be androgens. As Eberlein and Bongiovanni (35) have recently 
pointed out, the superfluous intermediate in another variant of adrenal 
hyperplasia, characterized by hypertension in addition to virilism, may be 
deoxycorticosterone, which conceivably could produce hypertension. 
From the urine of a child with this syndrome, these investigators have been 


‘For an alternative hypothesis, see Dorfman (33). 
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able to isolate pregnane-3a ,20a,21-triol, a probable metabolite of deoxy- 
corticosterone and also several other C2; metabolites hydroxylated at C17; 
pregnane-3a ,17a,20a-triol, 3a,17a,21-trinydroxypregnan-20-one (36), and 
pregnane-3a,17a,20a,21-tetrol. No metabolites bearing an oxygen func- 
tion on Cy, were found. 

Thus the possibility exists that the similarity in all cases of congenital 
adrenal hyperplasia is a defect in hydroxylation; in some instances this 
occurs with those enzymes which cause hydroxylation at Cy, in others it 
occurs with those which are responsible for hydroxylation at Cy;, or in still 
others with the hydroxylating mechanism for Cy. Any defect or com- 
bination of defects which results in a failure to biosynthesize hydrocortisone 
in sufficient amounts may cause an overproduction of intermediates which 
possess, or may be converted to metabolites which possess, biological 
properties different from those of Compound F. 


SUMMARY 


The exogenous administration of 21-deoxyhydrocortisone and 17a-hy- 
droxyprogesterone has been shown to lead to the urinary excretion of 
metabolites which are similar to those found endogenously in the urine of 
patients with congenital adrenal hyperplasia. Thus it is likely that these 
partially hydroxylated intermediates in the biogenesis of hydrocortisone 
from pregnenolone are produced by the adrenal glands of such patients and 
are the precursors of the metabolites customarily found in their urine. 

21-Deoxyhydrocortisone is metabolized mainly to the following reduc- 
tion products: 3a,118,17a-trihydroxypregnan-20-one, 3a,17a-dihydroxy- 
pregnane-11,20-dione, 3a,17a,20a-trihydroxypregnan-ll-one, and _ preg- 
nane-3a ,118,17a,20a-tetrol. 11-Oxygenated 17-ketosteroids which result 
from the removal of the side chain are also formed in somewhat smaller 
yields. 

Two steroids, and 3a,17a-dihydroxy- 
A°"))_pregnen-20-one, not hitherto reported in urine, have been isolated 
after the administration of 21-deoxyhydrocortisone. These 17-deoxy-20- 
ketones, together with 3a-hydroxypregnane-11 ,20-dione, have been iso- 
lated from urines hydrolyzed by being boiled with acid, a process which 
has been shown to result in the formation of 20-ketones from the corre- 
sponding 17a,20a glycols. 
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STUDIES ON THE FUNCTION OF VITAMIN A 
IN METABOLISM* 


By GEORGE WOLF, MALCOLM D. LANE,f anp B. CONNOR JOHNSON 


(From the Radiocarbon Laboratory and the Division of Animal Nutrition, 
University of Illinois, Urbana, Illinois) 
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Vitamin A, one of the earliest vitamins to be discovered, has so far eluded 
attempts to uncover its function in metabolism. Its role in vision, bril- 
liantly elucidated by Wald and his group, though important, cannot be its 
only function, since an animal dies from vitamin A deficiency but not nec- 
essarily from blindness. A great deal of effort and research has been ex- 
pended in the field of the morphological changes caused by a deficiency of 
the vitamin, such as epithelial keratinization. However, this work has 
not led to any clues concerning the changes occurring on the molecular 
level, and indeed the observed morphological lesions may be only the final 
and distant manifestations of an originally molecular lesion. 

Comparatively little is known about the metabolic effects of vitamin A 
deficiency. Oxygen uptake zn vitro was shown to be lowered somewhat in 
vitamin A deficiency (1). Total carcass fat was found to be decreased in 
vitamin A-deficient rats compared to that of pair-fed rats (2); cholesterol 
levels were shown to be unaffected (3). 

Rather than study the change in level of a particular metabolite, a more 
dynamic approach to the problem was sought in the present work. The 
level of incorporation of radioactivity from administered radioactive sub- 
strates into the members of a known chain of intermediary metabolites 
was determined in order to discover a possible block caused by the vitamin 
deficiency. In this way, the enzymatic step requiring the vitamin may be 
located. Ideally, in a reaction sequence A — B — C — JD, if a vitamin is 
required for step B — C, then, starting with radioactive A, in deficiency, 
radioactivity will appear in B, but not in C and D. Starting with radio- 
active B, no radioactivity will appear in C and D, but with radioactive C 
radioactivity will appear in D, in spite of the deficiency. 

In order to explore as wide a range of metabolic reactions as possible, 

* This investigation was supported by a grant from the National Vitamin Founda- 
tion and by United States Atomic Energy Commission contract No. AT(11-1)-67 with 
the University of Illinois. Based on a thesis submitted in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy, University of Illinois, by M. D. 
Lane. Presented in part at the Fortieth annual meeting of the Federation of Amer- 
ican Societies for Experimental Biology at Atlantic City, April, 1956. 


t Present address, Department of Biochemistry and Nutrition, Virginia Polytech- 
nic Institute, Blacksburg, Virginia. 
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whole animals were used. The level of incorporation of radioactivity into 
various metabolic products after administration of radioactive intermedi- 
ary metabolites in deficient animals was compared to that in controls. 
Since many of the comparisons were based on radioactivity per unit weight 
of a particular metabolite, it was necessary to insure equal food intake in 
the deficient and the control animals. The levels of the metabolic products 
are thus made comparable and the results are not affected by variation in 
food intake. Therefore, comparisons were always made between deficient 
and pair-fed control animals. 

This method has certain drawbacks, since it means comparing an ani- 
mal fasted by voluntary restriction of food intake, due to the vitamin 
deficiency, with one which is in a state of inanition through enforced re- 
striction in the absence of the vitamin deficiency. This comparison is 
preferable, however, to one with controls fed ad libitum, although these 
were always included as well. 


EXPERIMENTAL 


Nutritional—Weanling male albino rats of the Sprague-Dawley strain 
were used in all the. experiments. The rats usually weighed between 30 
and 40 gm. at the beginning of each experiment. The composition of the 
deficient diet is shown in Table I. Heat treatment (105° for 5 days) of 
the casein was used to destroy residual vitamin A, since untreated casein 
was found to prevent precipitation of the deficiency even after 8 weeks. 
With the heat-treated casein, the deficiency was produced after 4 to 5 weeks 
of feeding. 

The paired feeding method was employed in all the experiments, in addi- 
tion to a control fed ad libitum. ‘Three types of experimental regimes were 
used: (1) the vitamin A-deficient animal, receiving the deficient diet ac- 
cording to appetite; (2) the pair-fed control, receiving the deficient diet 
restricted to the quantity consumed by the deficient animal, in addition to 
10 mg. of a water-soluble vitamin A preparation (25 units per mg., from 
Endo Products, Inc., Richmond Hill, New York) given orally by dropper 
each day; and (3) the control fed ad libitum, receiving the deficient diet 
ad libitum plus 10 mg. of the above vitamin A preparation per day. After 
about 4 to 5 weeks of feeding, the deficient group of animals exhibited de- 
ficiency symptoms as follows: loss of appetite, loss of body weight, rough- 
ness, and typical eye lesions (xerophthalmia). At this time, the animals 
were subjected to isotope experimentation. 


Within 2 weeks after the onset of the symptoms, the deficient animals ie 
usually died. In order fully to characterize the deficiency, vitamin A was ~ 
administered orally to the deficient animal in several instances, after weight ~ 


loss had set in. In every case the animals showed large responses in body 
weight gain (Table IT). 
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TABLE I 
Vitamin A-Free Diet 
Am f ingredi ded 
Ingredient gm. of diet 

D preparation, ml.||.................. 1 


* Heat-treated casein prepared by heating Labco vitamin-free casein in shallow 
pans at 105° in a “‘dry air’’ oven for 5 days. 
t From Spector (4). 
t 20 per cent choline chloride premixed in cornstarch. 
§ 100 gm. of water-soluble vitamin mix contained 250 mg. of thiamine hydro- 
chloride, 150 mg. of riboflavin, 400 mg. of calcium pantothenate, 1000 mg. of nicotinic 
acid, 60 mg. of pyridoxine hydrochloride, 6.0 mg. of biotin, 40 mg. of folic acid, 40 
mg. of 2-methyl-1,4-naphthoquinone, 0.5 mg. of vitamin B:2, 2000 mg. of inositol, 60 
mg. of p-aminobenzoic acid, and cerelose to make 100 gm. 
|| Water-soluble vitamin D preparation contained 2500 units per ml. and was ob- 
tained from Endo Products, Inc., Richmond Hill, New York. 
{ Vitamin E solution contained 60 mg. of a-tocopherol per ml. of petroleum ether. 


II 


Cure and Death on Vitamin A-Deficient Diet 
The figures represent the body weights. 


Pair I Pair II 
Vitamin A ad libitum 
deficient Pair-fed rat Vitamin A-deficient rat |Pair-fed rat 
gm. gm. gm. gm. gm. 

37 36 36 36 40 

78 87 78 90 94 

tery. 106 117 101 113 122 
109 120 112 124 126 

117 140 124 137 142 

an ee 106 114 113 118 170 

given 

85 90 121 Killed 

us 86 169 
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Isolation Methods—Respiratory carbon dioxide was isolated by placing 
the animal in a metabolism cage after injection of the radioactive substrate, 
collecting the expired carbon dioxide in alkali, and precipitating it as bar- 
ium carbonate, which was assayed. Liver protein was isolated by precipi- 
tation with 10 per cent trichloroacetic acid and was washed with water, 
95 per cent ethanol, acetone, and ether. It was assayed for radioactivity 
by the wet combustion method. A portion was hydrolyzed with 6 n hy- 
drochloric acid for 18 hours. Cholesterol was obtained by combining the 
ethanol-acetone-ether washings from the liver protein with the whole brain 
of the rat and saponifying the mixture for 3 hours with 40 ml. of ethanol 
and 15 gm. of potassium hydroxide. The cholesterol was precipitated as 
the digitonide and assayed by the dry combustion method as such and as 
free cholesterol. The fatty acids were liberated and extracted into petro- 
leum ether and aliquots were assayed for radioactivity by the wet com- 
bustion procedure. The specific activity of the fatty acids was calculated 
in millimoles, an average chain length of 16 carbon atoms and thus an 
average molecular weight of 256.4 (palmitic acid) being assumed. 

The isolation and purification of glycogen were carried out by a combina- 
tion and modification of the methods of Somogyi (5), Bell and Young (6), 
and Illingworth, Larner, and Cori (7). The glycogen, as obtained by eth- 
anol precipitation from the alkali digest, was washed four times with a solu- 
tion composed of 2 volumes of 20 per cent sodium hydroxide solution to 1 
volume of ethanol and twice with 95 per cent ethanol. It was dissolved 
in a minimal quantity of water and reprecipitated by 2 volumes of ethanol, 
centrifuged, redissolved in water, and the pH adjusted to 4 to 5 with 2 Nn 
hydrochloric acid. The precipitate formed after 75 minutes was centri- 
fuged and discarded: 2 volumes of ethanol were then added to precipitate 
the glycogen. It was then centrifuged and washed with 95 per cent ethanol 
and then a 1:1 mixture of ethanol and ether, was redissolved in water, and 
was precipitated with 2 volumes of ethanol. After being dissolved again 
in water, the glycogen was precipitated by the addition of 4 volumes of 
glacial acetic acid and this process was repeated. The glycogen was then 
washed with 70 per cent, then 90 per cent ethanol, ethanol-ether (1:1), and 
ether, dried at 110° for 3 hours, and then in vacuo over phosphorus pent- 
oxide overnight. The specific activity was determined by the solid count- 
ing method after plating the preparation “infinitely thin.” 

Alanine was isolated by applying the hydrolysate from about 4.0 mg. of 
the liver protein in a streak along the edge of a sheet of Whatman No. 3 
MM filter paper. The chromatogram was developed in phenol-water- 
concentrated ammonia in the ratio, 80:19.7:0.3 (descending). Strips 1 
cm. wide were cut the length of the chromatogram at both edges and in the | 
center in order to locate the bands of amino acids with the ninhydrin spray. 
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The band corresponding to authentic alanine (Rr, 0.64) was cut out and 
eluted with water. The eluate was purified by chromatography in the 
system sec-butanol-formic acid-water, 75:15:10. The alanine band was 
again eluted and the eluate counted “‘infinitely thin,” as well as assayed for 
alanine concentration by the method of Troll and Cannan (8). The total 
radioactivity of alanine per gm. of protein was calculated, assuming the 
alanine content of liver protein to be 4.7 per cent (9). 

Aspartic acid was isolated from liver protein hydrolysate by the method 
described by Wolf, Heck, and Leak (10). It was assayed for radioactivity, 
and the amount in the eluate was determined as for alanine. A concentra- 
tion of 6.9 per cent aspartic acid in liver protein was assumed (9). 

Radioactivity Measurements—Dry combustion was carried out by the 
Pregl microcombustion method, the volume of carbon dioxide being meas- 
ured manometrically and radioactivity by the vibrating reed electrometer 
(11). Wet combustion was performed with the Van Slyke-Folch mixture 
(10). Carbon dioxide was obtained from radioactive barium carbonate 
by liberation in the wet combustion apparatus with perchloric acid. Solid 
counting was done by spreading compounds from solutions on planchets 
“infinitely thin”’ (0.1 mg. or less per sq. cm.), and by counting in an internal 
gas flow counter. A standard planchet was prepared for conversion of 
counts to the absolute units obtained with the electrometer. 


| Results 
Experiments with Acetate-1-C™ 


Incorporation of Radioactivity into CO.—Three replications of the three 
experimental regimes described under ‘‘Experimental”’ were used. In or- 
der to ascertain that a true vitamin A deficiency was being produced under 
the experimental conditions imposed, one vitamin A-deficient rat and one 
pair-fed rat were carried on their respective diets until the deficient animal 
died (approximately 2 weeks). <A second pair, consisting of a deficient 
and a pair-fed animal, was fed until the deficient animal showed severe 
losses in body weight. At this time, 250 units of vitamin A were adminis- 
tered orally and within 2 weeks the animal’s weight increased 50 per cent. 
This experiment clearly showed that the diet was deficient in vitamin A 
and that a true vitamin A deficiency had been produced. A third set of 
animals, vitamin A-deficient, pair-fed, and fed ad libitum, was used to: de- 
termine the incorporation in vivo of acetate-1-C™ into expired COs, liver 
and brain cholesterol, fatty acids, liver protein, alanine, and aspartic acid. 
After the obvious symptoms of the deficiency had appeared, 162 uc. of 
potassium acetate-1-C™ (specific activity, 9.17 mc. per mmole) in isotonic 
saline were administered intraperitoneally into each animal. 6 hours later 
an identical injection of acetate-C'* was made. The expired C“O, was 
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collected in increments over the entire period, as described. ‘The animals 
were killed by decapitation 12 hours after the first injection and the organs 
to be used were removed, frozen, and stored frozen. The CO, data are 
summarized in Table III. The pair-fed rat incorporated activity from 
acetate into CO, at a slightly greater rate than did the vitamin A-deficient 
animal; however, the difference was not appreciable, considering the errors 
inherent in the method. During the Ist hour after the first injection, the 
deficient and pair-fed rats expired about 64 per cent of the administered 
dose and there was no obvious difference between the animals at this point. 


TABLE III 
Acetate-1-C'4 Incorporation into Expired Carbon Dioxide 
Total activity in CO2 per time interval Specific activity of CO2 
Hrs. after injection 
lasdeficient rat |Pair-fed rat| tisitum | deficient rat | | ad 
1 103.0 104.5 91.2 10.5 12.0 6.5 
2 14.6 17.5 19.2 1.6 2.6 1.5 
3 9.9 12.4 8.1 1.2 1.6 0.6 
4-6 9.8 6.7 6.4 0.5 0.4 0.3 
7 99.4 112.4 77.0 11.4 12.5 6.0 
8 24.8 21.5 34.4 3.3 2.9 2.5 
9.5 20.4 18.8 13.4 2.0 1.6 0.8 
9.5-12.0 6.0 6.7 9.2 0.7 0.6 0.3 
287.9 300.5 258.9 
% of dose.......... 89.0 92.9 79.9 


The rat fed ad libitum incorporated C" activity into CO, at a slightly lower 
rate than did the other two animals. It appears from these data that 
vitamin A deficiency does not interfere with the oxidation of acetate-1-C" 
to COs. 

Incorporatton of Radioactivity into Cholesterol and Fatty Acids—The data 
on cholesterol are shown in Table IV. The pooled brain and liver choles- 
terol was isolated as the digitonide in order to secure a value for total 
cholesterol. The figures obtained for total cholesterol digitonide were not 
very different for the three animals. The purity of the cholesterol was 
verified by analysis for carbon and by the agreement in specific activities 
between cholesterol and digitonide. It is evident that the specific activity 
of the cholesterol from the deficient animal is about 3 times greater than 
that of the pair-fed control and about 6 times greater than that of the ani- 
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mal fed ad libitum. Similarly, since the total quantity of cholesterol is 
about the same in all three cases, the total incorporation of radioactivity 
into cholesterol from acetate-1-C™ is greatest in the deficient animal. This 
result, at least, indicates that vitamin A is not required for cholesterol 
biosynthesis. 

The data on the role of vitamin A in fatty acid biosynthesis are summa- 
rized in Table IV. ‘The total quantity of fatty acids isolated was not ap- 
preciably affected by the dietary regime; however, the specific activity of 


TaBLe IV 
Acetate-1-C'4 Incorporation into Cholesterol and Fatty Acids 
Cholesterol digitonide 
Total quantity isolated, mg. 113.9 118.8 120.1 
mmole X 10°? 7.04 7.35 7.42 
% C (theoretical = 61.7) 58.4 59.0 59.7 
Specific activity (based on CO2), yc. per mmole 2.91 1.12 0.53 
Cholesterol 
Total quantity (based on digitonide), mg. 27.2 28.4 28.7 
), mmole X 10°? 7.04 7.35 7.42 
% C (theoretical = 83.9) 84.2 84.7 84.8 
Specific activity (based on COz2), uc. per mmole 3.03 0.87 0.52 
Total activity incorporated into cholesterol, uc. 0.213 0.064 0.039 
Fatty acids | 
Total quantity isolated, mg. | 97.0 104.2 117.1 
sie sty wis (based on assumed average 0.378 0.406 0.457 
chain length of Cig), mmole K 107 
Specific activity, uc. per mmole 2.36 1.58 1.33 
Total activity incorporated into fatty acids, uc. 0.893 0.642 0.607 
Ratio of specific activities | | 
Fatty acids to cholesterol, uc. per mmole C | 1.31 3.07 4.32 


fatty acids from the vitamin A-deficient animal was somewhat greater than 
that of the pair-fed animals and the animals fed ad libitum. ‘The total 
radioactivity incorporated into fatty acids from acetate-1-C' was also 
greater in the deficient animal. As in cholesterol biosynthesis, these data 
indicate the non-essentiality of vitamin A in fatty acid biosynthesis. 
Inccrporation of Radioactivity into Glycogen—From the CO, data it ap- 
peared that the tricarboxylic acid cycle was not disturbed by vitamin A 
deficiency; an attempt was therefore made to determine whether the re- 
versal of the glycolytic pathway from acetate to glycogen was affected by 
the deficiency. However, no glycogen could be isolated from the livers 
of the vitamin A-deficient animals after the treatment as described above. 
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Accordingly, in all subsequent experiments, when glycogen was to be iso- 
lated, non-radioactive glucose was injected intraperitoneally before C™ 
substrate injection, in order to promote glycogen deposition. Data on 
liver glycogen from various experiments have been summarized in Table 
V to illustrate the effect of vitamin A deficiency on liver glycogen levels, 
It is evident that there was essentially no glycogen in the livers of vitamin 
A-deficient animals, whereas considerable quantities of liver glycogen were 
isolated from the livers of pair-fed animals and animals fed ad libitum. 
Depressed levels of liver glycogen in vitamin A deficiency had been noted 
before (12). When glucose was administered intraperitoneally before sacri- 


TABLE V 
Effect of Vitamin A Deficiency on Liver Glycogen Level 


Glucose injected | 


Liver glycogen isolated* 


| Vitamin A-deficient rat | Pair-fed rat Rat fed ad libitum 
mg. mg. mg. mg. 
0 <1 160 220 
0 <1 139 497 
600 74 104 203 
600 73 232 527 
300 | 87 289 537 
500T | 148 | 184 525 


* Animals killed and liver glycogen isolated 4.5 hours after intraperitoneal glucose 
injection. 

t 300 mg. of glucose were injected at 0 hour, 200 mg. of glucose at 3 hours after 
initial injection, and the animals sacrificed 4.5 hours after the initial injection. 


fice, glycogen was deposited in the vitamin A-deficient livers, though the 
level of glycogen found in the control animals was not attained. This was 
to be expected, since the glycogen levels in the controls were considerable, 
"even prior to glucose administration. These data indicate that vitamin A 
is not necessary for glycogen synthesis from glucose. 

To determine the effect of vitamin A deficiency on incorporation of radio- 
activity from acetate-1-C™ into glycogen, each animal of the usual set of 
three was injected intraperitoneally with 600 mg. of non-radioactive glu- 
cose (in isotonic saline), followed 30 minutes later by 40 uc. of potassium 
acetate-1-C™ (specific activity, 9.17 mc. per mmole). The animals were 
killed 4 hours after injection and their liver glycogen was isolated. As 
shown in Table VI, the specific activity of the glycogen isolated from the 
pair-fed animal was approximately 8 times greater than, and the total 
radioactivity about 10 times greater than, that of the deficient animal. 
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These results demonstrate a pronounced effect of vitamin A deficiency on 
the reversal of glycolysis. 

Incorporation of Radioactivity into Protein and Amino Acids—Radio- 
activity in liver protein was investigated with the first set of animals that 
had obtained acetate-1-C'4, as described above. No differences were found 
(Table VII) in the specific activities of the vitamin A-deficient and pair-fed 
rats. This result is in agreement with the CO, data, which indicate that 


TaBLeE VI 
Acetate-1-C'* Incorporation into Liver Glycogen 


Vitamin 
Rat fed 
ee Pair-fed rat ad libitum 


Glycogen 


Specific activity, wc. X 10-3 per mg................. 0.59 | 4.45 0.05 
Total quantity isolated, mg........................ 74 104 203 
‘ C"* activity incorporated, we................. 0.044 | 0.464 0.009 


TABLE VII 
Acetate-1-C'4 Incorporation into Liver Protein, Alanine, and Aspartic Acid 


Vitamin 
Rat fed 
Pair-fed rat od libitum 


Liver protein 


Specific activity, uc. per gm. 2.37 2.36 1.28 
Alanine 

Specific activity, uc. X 10-3 per mg. 0.558 0.964 0.482 

Total yc. per gm. protein 0.026 0.045 0.023 
Aspartic acid 

Specific activity, uc. X 10-3 per mg. 4.12 4.04 2.20 

Total uc. per gm. protein 0.284 0.279 0.152 


the tricarboxylic acid cycle was not disturbed in vitamin A deficiency, 
since the principal labeling in the protein would be in the amino acids, 
glutamic and aspartic acids, derived from the tricarboxylic acid cycle. Sim- 
ilarly, the lower specific activity of the protein from the animal fed ad libi- 
tum supports the earlier observation on COs, that less acetate-C™ traverses 
the tricarboxylic acid cycle in this than in the deficient or pair-fed animals. 

Alanine was selected for isolation, since the incorporation of radioactivity 
into this amino acid would be a measure of the extent of incorporation into 
pyruvate. The results would then indicate whether the effect of the vita- 
min deficiency is exerted upon reactions between pyruvate and glucose or 
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on those between the tricarboxylic acid cycle and pyruvate. The specific 
activity of alanine (Table VII) was somewhat greater in the pair-fed than 
in the deficient rat. This difference, however, is not of sufficient magni- 
tude to explain the wide differences noted in the labeling of glycogen. It 
was concluded that the deficiency does not affect pyruvate formation from 
the tricarboxylic acid cycle. 

In order to rule out the effect of vitamin A deficiency on CO, fixation as 
a cause for the difference in the labeling of glycogen, aspartic acid was iso- 
lated, since its radioactivity would be a reflection of the radioactivity of 
oxalacetate. COs, formed from acetate-1-C™, can give rise to oxalacetate- 
4-C™ by combination with pyruvate. Randomization of label in oxalace- 
tate would occur by equilibration with the symmetrical intermediate 
succinate. Doubly labeled oxalacetate-1,4-C' would yield phosphoenolpy- 
ruvate-1-C" and hence labeled glycogen, which would then have derived 
its label from CO, via oxalacetate (13). If vitamin A deficiency were 
to affect this CO, fixation reaction, the radioactivity of oxalacetate, and 
therefore of aspartic acid, would be altered. As indicated in Table VII, 
this is not the case. Neither specific activity nor total radioactivity of 
aspartic acid was affected by the deficiency. 


Experiments with Glucose-1-C" 


Incorporation of Radioactivity into Glycogen—This experiment was con- 
ducted in order to determine whether the differences observed in the in- 
corporation of acetate-C" activity into glycogen may be due to an indirect 
effect of vitamin A deficiency on glycogen turnover. As already pointed 
out (Table V), there is no interference with deposition of non-radioactive 
glucose into glycogen in the deficient animal. Each one of the usual set 
of three animals received 300 mg. of non-radioactive glucose intraperito- 
neally and, after 30 minutes, 25 uc. of p-glucose-1-C" (specific activity, 1.5 
mec. permmole). 4 hours after the second injection the animals were killed. 
As shown in Table VIII, the specific activity of glycogen was 3 times 
greater in the vitamin A-deficient than in the pair-fed animal. Since the 
total glycogen content of the pair-fed was greater than that of the defi- 
cient liver, the total incorporation of glucose-C™ into glycogen was not 
appreciably different. Vitamin A deficiency does not, therefore, affect 
liver glycogen turnover. 

Incorporation of Radioactinty into Alanine—In order to establish whether 
the pronounced block caused by vitamin A deficiency in glucose synthesis 
would also hold for glycolysis, the radioactivity of alanine, which reflects 
incorporation into pyruvate, was investigated in the animals that had re- 
ceived glucose-1-C described above. As shown in Table VIII, alanine 
had a higher specific and total radioactivity in the deficient compared to the 
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pair-fed animal. Therefore, glycolysis, in contrast to its reversal, is not 
affected by vitamin A deficiency. 
Experiments with Lactate-1-C'4 and Glycerol-1 ,3-C™ 


Incorporation of Radioactinty into Glycogen—The results to this point 
had established the existence of a block in the reactions between pyruvate 


TaBLeE VIII 
Glucose-1-C'4 Incorporation into Liver Glycogen 
Vitamin 
-deficient |Pair-f Rat fed 
—— ir-fed rat ad libitum 
Glycogen 
Specific activity, uc. X 10-* per mg. 24.5 8.5 0.3 
Total quantity isolated, mg. 87 289 537 
_ “ activity incorporated, uc. 2.14 2.40 0.16 
Alanine 
Specific activity, uc. X 10-* per mg. 0.739 0.248 
Total uc. per gm. protein 0.035 0.012 


TaBLe IX 
Incorporation into Liver Glycogen 


Vitamin 
Pair-fed rat ad libitum 


From lactate-1-C" 


Specific activity, wc. X 10-3 per mg.................] 0.438 1.93 0.29 
Total quantity isolated, mg.................... ....| 140 163 139 
activity incorporated, 0.060 0.315 0.041 
From glycerol-1,3-C™ 
Specific activity, uc. X 10-3 per mg................. 0.378 7.33 
Total quantity isolated, mg........................ 100 86.2 
activity incorporated, 0.038 0.63 


and glucose in the reversal of glycolysis caused by vitamin A deficiency. 
In order to confirm these results, the incorporation of radioactivity into 
glycogen was investigated after injection of lactate-1-C'™ which is assumed 
to be in equilibrium with pyruvate. Each of the usual set of three animals 
was given 500 mg. of non-radioactive glucose intraperitoneally, followed 30 
minutes later by an injection of 25 uc. of sodium pL-lactate-1-C™ (specific 
activity, 4.4 me. per mmole). 4 hours after the second injection, the ani- 
mals were killed and liver glycogen was isolated. The specific activity 
and total radioactivity incorporated into glycogen from lactate-C™ (Table 
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IX) were considerably greater in the pair-fed than in the deficient animal, 
amounting to a 5-fold difference for total activity incorporated. To lo. 
calize the block in the reversal of glycolysis more exactly, the incorporation 
of radioactivity into glycogen was studied from glycerol-1 ,3-C, which was 
taken as representative of triose. The usual set of three animals was given 
450 mg. of non-radioactive glucose intraperitoneally, followed 30 minutes 
later by an injection of 25 ye. of glycerol-1 ,3-C™ (specific activity, 4.2 me. 
per mmole). 4 hours after the glycerol injection, the animals were killed 
and the glycogen was isolated. The radioactivity and specific activity of 
glycogen were greater in the pair-fed than in the deficient rat. The dif- 
ference, as shown in Table IX, was more pronounced (17-fold) than in the 
case of the rats treated with lactate-C and acetate-C™. The effect of the 
vitamin A deficiency is therefore exerted upon reactions between triose 
and glucose. 

An experiment carried out with the sodium salt of phosphoglyceric acid- 
C"*, injected intraperitoneally, was inconclusive because of the exceedingly 
low level of incorporation of radioactivity into glycogen. 


DISCUSSION 


Since the major pathway of acetate oxidation is the tricarboxylic acid 
cycle, the incorporation of radioactivity from acetate-1-C% into CO, 
should point out any disturbance in the operation of the cycle. Similarly, 
the incorporation of radioactivity into liver protein, at least in an experi- 
ment lasting only 4 hours, should be an indication of the normal function- 
ing of the cycle, since major labeling in liver protein is due to the amino 
acids derived from the tricarboxylic acid, especially glutamic and aspartic 
acids. Similar criteria for the operation of the cycle were studied by Katz 
and Chaikoff (14) and found to correlate well with direct measurements 
of several of the di- and tricarboxylic acids. In the present experiments, 
there was no appreciable effect of vitamin A deficiency on the operation of 
the tricarboxylic acid cycle, as demonstrated by the incorporation of ace- 
tate-C™ into C“QO., liver protein, and aspartic acid. The animal fed ad 
libitum incorporated less activity, no doubt because, being less deficient in 
energy sources, less of the injected metabolite was directed into the energy- 
yielding reactions of the cycle. 

The greater total incorporation of acetate-C™ into cholesterol i in the vita- 


min A-deficient rat compared to the pair-fed animal may be due to a block e 


caused by the deficiency in some other metabolic pathway of acetate me- 
tabolism, leading to accumulation of intermediates which are used in bio- 
synthesis of cholesterol. It is apparent, however, that vitamin A is not 


essential for cholesterol biosynthesis. This agrees with the finding of F 
Green, Lowe, and Morton (3) that the liver and plasma cholesterol levels e 


| 

t 
0 
re 
0 
0 

tl 
il 
al 
8 
fe 
ta 
Je 

le 
| hi 
cc 

ea 
re 

as 
ra 
| pe 
| a 
tl 

t 


G. WOLF, M. D. LANE, AND B. C. JOHNSON 1007 


in rats are not affected by vitamin A deficiency. The incorporation of 
activity into fatty acids was also greater in the deficient animals, indicat- 
ing not only a non-requirement of vitamin A for fatty acid synthesis, but 
also the possible accumulation, due to deficiency, of an intermediate com- 
mon to both pathways. However, in comparing the ratios of specific ac- 
tivities of cholesterol and fatty acids, in terms of microcuries per millimole 
of carbon, it is evident that the incorporation of acetate into fatty acids is 
relatively lower in the deficient compared to the pair-fed rats or animals 
fed ad libitum. 

It appears that vitamin A deficiency causes a block in the incorporation 
of acetate-C™ into glycogen. By using labeled intermediates closer to 
glycogen, such as lactate-C' and glycerol-C™ (taken to be representative 
of pyruvate and triose, respectively), this block could be confirmed. Start- 
ing with glucose, on the other hand, there was no interference with glyco- 
gen synthesis; nor was there an effect on the connecting link between the 
tricarboxylic acid cycle and glycolysis, as shown by the incorporation of 
acetate-C4 into alanine and aspartic acid (representative of pyruvate and 
oxalacetate, respectively). It was concluded, therefore, that the deficiency 
in vitamin A interferes with a reaction of glycolysis situated between triose 
and glucose, although in only one direction, that of glucose synthesis, since 
radioactivity incorporation into alanine, starting with glucose-C™, was not 
affected. This would account for the extremely low level of liver glycogen 
in the vitamin A-deficient animal. ‘Though fully capable of synthesizing 
glycogen from glucose (Tables V and VIII), the deficient animal suffers 
from the effects of inanition; its glycogen stores are rapidly depleted and 
cannot be replenished by glyconeogenesis, because of the blocked reaction. 

The low level of radioactivity incorporated into glycogen in the animals 
fed ad libitum, similar to the deficient animals, in the acetate-C™ and lac- 
tate-C experiments, calls for an explanation. As shown in Table V, in- 
jection of glucose prior to glycogen isolation, which raised the glycogen 
level both in pair-fed and deficient animals, had no effect on the invariably 
high glycogen content of the rats fed ad libitum. Therefore, the low in- 
corporation of radioactivity in the rats fed ad libitum (Tables VI and IX) 
can be ascribed to the lack of glucose deposition rather than a block in the 
reactions of glucose formation, as postulated for the deficient rats. This 
assumption is fully confirmed in the experiment showing incorporation of 
radioactivity into glycogen from glucose-C™ (Table VIII); here, the incor- 
poration in the animal fed ad libitum is as low as in the experiments with 
acetate-C™ and lactate-C™ (7.e. no glucose deposition), but the incorpora- 
tion in the deficient animal is very much raised, to a level comparable to 
the pair-fed controls. 

The interference in the reversal of glycolysis in vitamin A deficiency may 
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be of an indirect nature, such as through an influence on cell permeability 
or on the formation of a hormone controlling glycolysis. Thus, preliminary 
experiments in vitro, with rat liver homogenates, clearly showed that forma- 
tion of glucose from fructose (taken to be representative of triose phos- 
phate) was not affected by vitamin A deficiency. 


SUMMARY 


An attempt was made to localize the function of vitamin A in a specific 
area in metabolism by determining the effect of vitamin A deficiency on 
the ability of the intact rat to incorporate labeled metabolic intermediates 
into a number of metabolic products. Radioactivity incorporation was 
compared in the severely deficient and the pair-fed animals. 

It was found that vitamin A deficiency had no appreciable effect on the 
incorporation of acetate-1-C into C™“Qz., liver protein, aspartic acid, and 
alanine, indicating no disturbance in the tricarboxylic acid cycle nor in the 
reactions connecting it to glycolysis. Somewhat more radioactivity from 
acetate-1-C' was incorporated into cholesterol and fatty acids in the vita- 
min A-deficient animal than in the pair-fed control, demonstrating the lack 
of involvement of vitamin A in cholesterol and fatty acid biosynthesis. 

The extent of incorporation of acetate-1-C"™, lactate-1-C™, and glycerol- 
1 ,3-C* into liver glycogen was drastically reduced in vitamin A deficiency. 
The level of liver glycogen in the deficient animals was essentially zero, 
compared to a relatively high level in pair-fed controls. Glucose-1-C", as 
well as non-radioactive glucose, was deposited into liver glycogen to the 
same extent in the vitamin A-deficient and the pair-fed animals. 

These results can be interpreted to indicate that vitamin A is involved, 
directly or indirectly, in the reversal of glycolysis between the triose and 
the glucose stage. 
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OXIDATION-REDUCTION POTENTIALS OF 
HORSERADISH PEROXIDASE* 


By HENRY A. HARBURY 


(From the Department of Biochemistry, Yale University, New Haven, Connecticut) 
(Received for publication, October 15, 1956) 


Among the most widely applicable, and potentially most incisive, studies 
of the linked functions (1) of heme proteins are those based on the investi- 
gation of reversible oxidation-reduction reactions. The determination of 
linked functions by oxidation-reduction potential measurements (2, 3) has 
been reported thus far for two different heme proteins, hemoglobin and 
eytochrome c. Measurements were made in each case of the variation of 
the potentials with pH. The data of Taylor and Hastings (4) on horse 
hemoglobin have played a key role in analyses of the heme-heme and heme- 
protein interactions in that system (1, 5, 6). The measurements by Rod- 
key and Ball (7) and by Paul (8) of the oxidation-reduction potentials of 
cytochrome c from heart muscle (cow and horse) have provided evidence 
for the existence in their preparations of a linked proton function, operating 
near the physiological range of pH, that had escaped detection by other 
modes of investigation. 

Effects of variables other than pH on the oxidation-reduction potentials 
of heme proteins have received little attention thus far. A systematic 
investigation of the influence of a selected group of variables seems desir- 
able, for it may be expected to yield quantitative information about the 
interaction between a protein and its prosthetic group and the changes in 
this interaction which attend the occurrence of various linked reactions. 
Horseradish peroxidase is at present the heme protein of choice for such a 
systematic study. Its properties permit, in principle, a systematic evalua- 
tion of the effects on the oxidation-reduction potential of factors such as 
pH, temperature, ionic strength, dissociation into free prosthetic group 
and protein, interaction of the protein-bound prosthetic group with small 
molecules and ions, and specific modifications of the prosthetic group and 
the protein. | 

An investigation of horseradish peroxidase has been undertaken, with 
the first objective the evaluation of the free energy, enthalpy, and entropy 
changes of the oxidation-linked proton equilibria in the system ferri HRP- 


* This work has been supported by grants from the National Science Foundation, 
the Rockefeller Foundation, the James Hudson Brown Memorial Fund of the Yale 
University School of Medicine, and Eli Lilly and Company. 
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ferro HRP.' The purpose of this report is to present the results of the 
first measurements, which have been of the ferri HRP-ferro HRP system 
at 30°. Data are reported for the range of pH from 4 to 11. Preliminary 
measurements, made at values of pH near 7, were presented earlier (9), 


EXPERIMENTAL 


Materials—Recrystallized HRP was prepared according to the procedure 
of Theorell (10). The preparation was carried out by Dr. Karl-Gustay 
Paul in the laboratories of the Biochemical Department of the Medical 
Nobel Institute, Stockholm. The very generous gift by Dr. Paul and Pro- 
fessor Hugo Theorell of the material used in this study is deeply appre- 
ciated. 

Methyl viologen, benzyl viologen, and anthraquinone-2 ,6-disulfonate 
were obtained from The British Drug Houses, Ltd., 2 ,6-dichlorophenol- 
indophenol from The Matheson Company, Inc., and phenosafranine from 
the National Aniline Division, Allied Chemical and Dye Corporation. 
These dyes were all used without further purification. The rosinduline 2G 
used was the kind gift of Professor W. Mansfield Clark. 

The following buffers have been used: citrate, phosphate, tris(hydroxy- 
methyl)aminomethane, glycine, §-alanine, and t-lysine. Ionic strengths 
have varied from 0.07 to 0.19. The use of sodium ions was avoided in the 
preparation of alkaline buffers. 

Apparatus—The titration assembly shown in Fig. 1 has proved par- 
ticularly suitable for the studies reported in this paper. Its use permits 
the concurrent collection of potentiometric and spectrophotometric data 
throughout the course of a titration. Both oxidative and reductive titra- 
tions can be performed conveniently with 5 to 10 ml. samples of solutions 
as dilute as 10-5 m. Each of two gold-plated platinum electrodes may be 
read against the saturated calomel reference electrode. The titrating 
agent is delivered from a microburette. Deaeration and movement of the 
solution from one part of the apparatus to another are effected by the use 


of helium. Prior to its entry into the titration assembly, the helium is © 
passed first through a column of copper maintained at 400°, then through | 


water. A magnetically driven, Pyrex-sheathed bar is used to stir the solu- 
tion in the electrode vessel. Reduction of a solution with hydrogen in the 
presence of a platinized asbestos catalyst is performed by the use of the ac- 


1 The term horseradish peroxidase is abbreviated in this paper as HRP. The pre- 
fixes ferri and ferro are used to designate states of oxidation only. Ferri HRP repre- 
sents the state of the free enzyme in the absence of strong oxidizing or reducing 
agents. Ferro HRP represents what is often termed reduced peroxidase. The pre- 
fixes ferri and ferro and the terms ‘“‘ferric’”’ and ‘‘ferrous”’ used occasionally to desig- 
nate states of oxidation are not intended to indicate a particular electronic configura- 
tion. 
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cessory shown in Fig. 1, B. Hydrogen is pretreated in the same manner as 
is helium. ‘Temperature control is achieved by a vigorous circulation of 
water from a bath maintained at a temperature constant to within +0.02°. 
The water is circulated through jackets around the electrode vessel and the 


Fic. 1. A, apparatus for oxidation-reduction titrations; (1), water-jacketed 
calomel half cell; (2), electrode assembly, consisting of two gold-plated platinum 
electrodes and a saturated potassium chloride salt bridge suspended from the outer 
member of a 24/40 standard taper joint; (3), water-jJacketed electrode vessel, 16 mm. 
inside diameter; (4), Pyrex-sheathed bar driven magnetically; (5), fused absorption 
cell for spectrophotometry; (6), connection to modified Rheberg microburette, 10/30 
standard taper joint; (7), connection to vessel used in reduction with hydrogen and 
a platinized asbestos catalyst (B) or to vessel for deaeration of solutions (not 
shown), capillary 10/30 standard taper joint; (8), connection to gas supply or exit 
trap, 10/30 standard taper joint. 8B, accessory for reduction of solutions with hy- 
drogen in the presence of a platinized asbestos catalyst; (1), entrance for gas, 10/30 
standard taper joint; (2), 12/5 ball and socket joint; (3), 35/20 ball and socket joint; 
(4), to vacuum pump or to exit trap, 10/30 standard taper joint; (5): extra coarse 
fritted glass cylinder; (6), ultrafine fritted glass plate; (7), 10/30 capillary standard 
taper, inserted in A, 7. C, hydrogen electrode vessel of Clark (11), modified; (1), 
entrance for the sample; (2), electrode, inserted via 10/30 standard taper joint; (3), 
gas inlet, 10/30 standard taper joint; (4), saturated potassium chloride salt bridge; 
(5), exit for liquid and gas. 
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calomel half cell and through coils placed in the cuvette compartment of 
the spectrophotometer. 

Spectrophotometric measurements have been made with a Beckman 
model DU spectrophotometer, operated both manually and as a recording 
spectrophotometer by use of the Spectracord recording attachment manu- 
factured by the Perkin-Elmer Corporation. 

Oxidation-reduction potentials have been measured both manually and 
on a semiautomatic basis with recording equipment. In the manual meas- 
urements, a Leeds and Northrup type K1 potentiometer has been used in 
conjunction with a Leeds and Northrup type R galvanometer. In the 
self-recording arrangement, the type K1 potentiometer has been used in 
conjunction with an Applied Physics Corporation model No. 30 vibrating 
reed electrometer and a Varian Associates model No. G-10 recorder. The 
recorder has been calibrated at frequent intervals with the use of the type 
K1 potentiometer and a Weston standard cell. Standard cells have been 
kept in an insulated chamber, and the standard cell used with the potenti- 
ometer has been measured periodically against two other Weston standard 
cells maintained for purposes of reference. 

For the determination of pH, both hydrogen and glass electrodes have 
been used. Hydrogen electrode measurements have been made with a 
slightly modified version (Fig. 1, C) of the electrode developed by Clark 
(11). Glass electrode measurements have been performed with a Mac- 
Innes-Belcher (12) type electrode manufactured by the Cambridge Instru- 
ment Company, Inc. Both electrode systems have been kept in an air 
bath maintained at 30° + 0.03°, with the glass electrode assembly carefully 
shielded. Hydrogen electrode potentials have been measured in the same 
manner as those of other oxidation-reduction systems. Potentials from 
the glass electrode system have been measured either manually with the 
type K1 potentiometer, the vibrating reed electrometer serving as a null- 


point instrument, or have been determined with the use of recording equip- : 


ment in the same fashion as were oxidation-reduction potentials. 
Procedures—All of the oxidation-reduction potentials reported in this 


paper are based on determinations of complete titration curves. Both : 
oxidative and reductive titrations have been performed. The samples — 
titrated have normally been between 5 and 10 ml. in volume and between ~ 


2X 10-5 m and 4 X 10-* in concentration of peroxidase. Mediator 
was present at a total molarity one-fortieth that of the peroxidase. In 


experiments performed below pH 10.5, solutions were brought to the de- ~ 
sired pH prior to their entry into the titration assembly. In the case of 
two reductive titrations performed at higher pH values, the solution under — 
study was kept at neutral pH until after completion of the preliminary — 
deoxygenation procedure, in order that the period of exposure of the en- 


zyme to a strongly alkaline solution might be kept to a minimum. 
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Special care had to be taken to reduce trace concentrations of oxygen to 
levels consonant with the accurate determination of potentials. Helium 
was used to deaerate solutions and to maintain an inert atmosphere during 
titration. Both oxidative and reductive titrations were preceded by ex- 
haustive deaeration of the apparatus and of the sample to be titrated. In 
oxidative titrations, oxygen remaining in solution was removed in the 
course of the preparatory reduction of ferri HRP with hydrogen in the 
presence of a platinized asbestos catalyst. Residual oxygen on the sur- 
faces of the apparatus was exposed to action by the reduced solution, which 
subsequently was again reduced, prior to titration. In reductive titrations, 
residual oxygen was subjected to preliminary titration with reducing 
agent, under close potentiometric and spectrophotometric control, before 
titration of HRP was begun. A stationary atmosphere of helium was used 
in both oxidative and reductive titrations, fresh helium being admitted 
into the titration apparatus only to effect transport of the solution. 

Methyl viologen and sodium dithionite were used as reducing agents 
and potassium ferricyanide and 2,6-dichlorophenol-indophenol as oxidiz- 
ing agents. The semiquinone of methyl viologen was prepared in unbuf- 
fered solution of approximately pH 10, by reduction of the oxidized form 
with hydrogen in the presence of platinized asbestos. Solutions of sodium 
dithionite were prepared by dissolving the solid in 10-3 m sodium hydroxide 
which had previously been deaerated by boiling and by treatment with 
helium. Solutions of the oxidizing agents were thoroughly deaerated with 
helium before storage in the microburette. 

Mediators were selected from among electromotively active systems with 
mid-point potentials close to those of the system under study. In a few 
experiments, two mediators were present in the sample subjected to titra- 
tion. Their total concentration was the same as that used in the other 
titrations. 

Spectrophotometric observations were made as desired throughout the 
course of an experiment. Enzymic activity was estimated by determina- 
tion of the “‘purpurogallin number” (13). It was not routinely determined 
at the conclusion of every titration, but was measured sufficiently often to 
show that, except at the extremes of the pH range of these studies, the 
conditions to which HRP was exposed did not lead to significant change in 
its activity. 

The pH of the solutions titrated was determined both before and after 
titration. Measurements were made with the glass electrode. Readings 
were interpolated between those obtained with buffer solutions of approxi- 
mately the same ionic strength as that of the sample titrated, the pH values 
of which had been established by measurements with the hydrogen elec- 
trode. 

The standard of reference was a 0.05 M solution of potassium hydrogen 
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phthalate, to which was assigned a pH value of 4.016 at 30° (14). All 
calomel electrodes were maintained continuously at 30°. Their potentials 


were determined periodically by measurement against the reference stand- 
ard. 


Results 


Ferri HRP-ferro HRP was found to be an ‘“‘electromotively sluggish” 
system, and in this respect it resembles the other heme protein systems 
that have been studied. Satisfactory potentials have been obtained only 
in the presence of a mediator. Four systems have served as mediator in 
the studies reported here: phenosafranine, rosinduline 2G, anthraquinone- 
2,6-disulfonate, and benzyl viologen. All display a pH dependency of 
potentials (15-18) quite different from that found for ferri HRP-ferro 
HRP, but at various values of pH have potentials sufficiently close to that 
of the ferri HRP-ferro HRP system to afford effective mediator action. 
The one most used has been phenosafranine, which has been found to be 
suitable over a wide range of pH. 

In the presence of an appropriate mediator, equilibrium between elec- 
trodes and the ferri HRP-ferro HRP system is usually rapidly established. 
Along the central portion of a titration curve, stable potentials may nor- 
mally be obtained in a matter of minutes. At very low and high states of 
reduction, however, equilibration is a slow process, often requiring hours. 

The semiquinone of methyl viologen (18) has proved to be an effective 
and convenient agent for the reductive titration of ferri HRP. Over the 
range of pH in which there is a sufficient difference between the potentials 
of the half reduced methyl viologen-semiquinone of methyl] viologen and 
ferri HRP-ferro HRP systems, its use has represented the technique of 
choice. A stronger reducing agent, sodium dithionite, has long been used 
to prepare ferro HRP, and, with proper precautions, its use in the reductive 
titration of ferri HRP has proved to be satisfactory. Methyl viologen 
has been used in reductive titrations at values of pH ranging from 4 to 10. 
Titrations with sodium dithionite have been performed near pH 7 and in 
solutions of high pH. An advantage in the use of these two reducing agents 
is the fact that there is no interference with the spectrophotometric ob- 
servation of the HRP system in the visible region of the spectrum. 

Oxidative titrations have been performed with both 2 ,6-dichlorophenol- 
indophenol and potassium ferricyanide as oxidizing agents. ‘The samples 
titrated were prepared by reduction with hydrogen in the presence of 
platinized asbestos. The solutions reduced contained ferri HRP and 
mediator in the 40:1 ratio of concentrations that has been used in all ti- 
trations. Theorell (19) has reported that, in contrast to the reduction of 
ferrihemoglobin with hydrogen, which could be caused to proceed rapidly 
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by addition to the reduction system of phenosafranine at 0.04 the molarity 
of the hemoglobin, the reduction of ferri HRP with hydrogen and platin- 
ized asbestos was found to require at least an equimolar concentration of 


TABLE I 
Reductive Titration of Ferri HRP 


Titration of ferri HRP with the semiquinone of methyl viologen at 30° and pH 
6.02. HRP = 4.3 X 10-5 mM; volume of sample & 6 ml.; mediator = phenosafra- 
nine, 10 X 10°§ Mm; y = total volume of titrating agent added; (y — d) = 
the same total volume corrected by the method of Reed and Berkson (20, 21); E,, cal- 
culated with n = 1; d = +0.0313 ml.; at 100 per cent reduction, (y — d) = 0.1146 
ml. 


y (y — d) Reduction En observed Em calculated pio gy 
ml. ml. per cent volt volt volt 
0.0350 0.0037 3.23 —0.1451 (—0.2340) —0.0137 
0.0400 0.0087 7.59 —0.1585 (—0.2239) — 0.0036 
0.0450 0.0137 11.95 —0.1691 —0.2213 —0.0010 
0.0500 0.0187 16.32 —0.1786 —0.2213 —0.0010 
0.0550 0.0237 20.68 —0.1855 —0.2207 —0.0004 
0.0600 0.0287 25.04 —0.1913 —0.2200 +0.0003 
0.0650 0.0337 29.41 —0.1959  —0.2188 +0.0015 
0.0700 0.0387 33.77 —0.2017 —0.2193 +0.0010 
0.0750 0.0437 38.13 —0.2072  —0.2199  +0.0004 
0.0800 0.0487 42.50 —0.2123 | -—0.2202 40.0001 

0.0850 0.0537 46.86 —0.2170 |  —0.2203 0 
0.0900 0.0587 51.22 —0.2217 | —0.2204 |  —0.0001 
0.0950 0.0637 55.58 —0.2262 | -—0.2203 | 0 
0.1000 0.0687 59.95 —0.2309  —0.2204 | —0.0001 
0.1050 0.0737 64.31 —0.2354 —0.2200  +0.0003 
0.1100 0.0787 68.67 —0.2404  —0.2199 | +0.0004 
0.1150 0.0837 73.04 —0.2460 —0.2199 | +0.0004 
0.1200 0.0887 77.40 —0.2523  —0.2201  +0.0002 
0.1250 0.0937 81.76 —0.2603 | -0.2211 | 
0.1300 0.0987 86.13 —0.2688 —0.2210  —0.0007 
0.1350 | 0.1037 90.49 —0.2787 —0.2198 +0.0005 
0.1400 | 0.1087 94.85 —0.2999  (—0.2237) —0.0034 
—0.2203 

this dye. The present observation that the reduction of ferri HRP with 


hydrogen can be accomplished in the absence of a high concentration of 
dye seems reasonable, in view of the fact that equilibration between the 
ferri HRP-ferro HRP system and noble metal electrodes is readily effected 
by mediator concentrations of phenosafranine and other dyes. It might 
be expected that such mediator concentrations should suffice also to speed 
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the reduction of ferri HRP with hydrogen, provided the dye is not de- 
stroyed (15) or immobilized under the conditions at which reduction js 
attempted. 

The potentials determined in the course of both oxidative and reductive 
titrations agree well with those predicted for a reversible 1 electron oxida- 


TABLE II 
Oxidative Titration of Ferro HRP 

Titration of ferro HRP with 2,6-dichlorophenol-indophenol at 30° and pH 9.43. 
HRP = 2.5 X 10-5 mM; volume of sample & 10 ml.; mediator = phenosafranine, 6.3 x 
10-7 m; 2,6-dichlorophenol-indophenol = 3.0 X 10-3 mM; y = total volume of titrat- 
ing agent added; (y — d) = same total volume corrected by the method of Reed 
and Berkson (20, 21); E» calculated with n = 1; d = +0.0016 ml.; at 100 per cent 
oxidation, (y — d) = 0.0421 ml. 


y (y — Oxidation Ej observed Em calculated 
ml. ml. per cent volt volt volt 
0.0050 0.0034 8.08 —0.3612 (—0.2976) +0.0090 
0.0100 0.0084 19.95 —0.3431 —0.3068 —0.0002 
0.0150 0.0134 31.83 — 0.3258 —0.3059 +0.0007 
0.0180 0.0164 38.95 —0.3179 —0.3061 +0.0005 
0.0210 0.0194 46.08 —0.3104 — 0.3063 +0.0003 
0.0240 0.0224 53.21 —0.3034 — 0.3068 — 0.0002 
0.0270 0.0254 60.33 —0.2951 — 0.3061 +0.0004 
0.0300 0.0284 67.46 —0.2879 —0.3070 —0.0004 
0.0330 0.0314 74.58 — 0.2787 — 0.3069 — 0.0003 
0.0360 0.0344 81.71 — 0.2677 — 0.3068 —0.0002 
0.0390 0.0374 88.84 — 0.2529 —0.3071 —0.0005 
0.0420 0.0404 95.96 —0.2339 (—0.3167) —0.0101 


tion-reduction system in accordance with the relationship: 


RT (Ox) 
E, = En t+ F In (Red) 


(1) 


E,, is the potential of the half reduced system (mid-point potential). At 
pH 0, E, = Eo. Table I presents the data obtained in a reductive titra- 
tion performed at pH 6.02 with the semiquinone of methyl viologen as the 
reducing agent. ‘Table II presents the data obtained in an oxidative titra- 
tion performed at pH 9.43 with 2,6-dichlorophenol-indophenol as the 
oxidizing agent. All data have been evaluated with the aid of the method 
of Reed and Berkson (20), as applied to the analysis of oxidation-reduction 


data by Clark and Perkins (21). No attempt has been made to correct 3 


for the presence of mediator. 
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Potentials have been determined over the range of pH 4.0 to 11.3. 
Beyond the limits of this range, HRP has been found to undergo irreversible 
change under the conditions of the present studies. The results of the two 
experiments conducted at the extremes of the range here reported must be 
considered to represent approximations only. Table III summarizes the 
results of the present series of measurements. 


TABLE III 
E,, Values for Ferri HRP-Ferro HRP System at 30° 
[pH Buffer* Mediatort Em observed | Em calculated d 
ve volt volt volt 

3.95 1 A if —0.1002 —0.0963 —(.0039 
4.55 1 ts I —0.1344 —0.1324 —0.0020 
5.30 1 = I —Q.1765 —0.1773 +0.0008 
6.02 1 I —0.2203 —().2199 —0.0004 
6.99 2 B II —0.2701 —(0.2703 +0.0002 
7.02 2 ” I —0.2779 —0.2718 —0.0061 
7.03 3 A I —0.2708 —0.2720 +0.0012 
7.57 3 ~ I —0.2897 —0.2897 0 

8.09 3 I —(0.2962 —0.2982 +0.0020 
8.95 3 I —0.3034 —0.3028 — 0.0006 
9.43 4 C I —0.3066 —0.3045 —0.0021 
9.43 4 B I+ Il —0.3070 —0.3045 —0.0025 
9.53 + A I —0.3033 —0.3049 +0.0016 
10.49 5 D I+ Ill —0.3195 —0.3189 —0.0006 
10.91 5 B IV —0.3326 —0.3334 +0.0008 
11.25 6 x5 I+ IV —0.3372 —0.3492 +0.0120 


*1, citrate; 2, phosphate; 3, tris(hydroxymethyl)aminomethane; 4, glycine; 5, 
8-alanine; 6, L-lysine. 

t A, semiquinone of methyl] viologen; B, sodium dithionite; C, 2,6-dichlorophenol- 
indophenol; D, potassium ferricyanide. 

t I, phenosafranine; II, rosinduline 2G; III, anthraquinone-2,6-disulfonate; IV, 
benzyl viologen. 


The data appear to indicate the existence of an oxidation-linked proton 
function with a pK’ near the alkaline limit of the measurements. To es- 
tablish a value for this apparent equilibrium constant, and, indeed, to de- 
termine whether only one oxidation-linked function is operative in this 
part of the pH range, it is desirable to have data for values of pH more 
alkaline than those reported here and to have more data for the alkaline 
portion of the range which has been covered. 

The simplest relationship (2) between £,, and pH consistent with the 
data at hand is that given by Equation 2: 

RT (H*)(CH*) + K,’) 


(2) 
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In the absence of information about the variation of F,, with pH outside 
the range of pH 4 to 11, Equation 2 may be applied only to the range of 
pH which has been investigated. , is the potential which the half re- 
duced system would have at pH 0, if AH,/ApH were constant at —0.0602 
volt per pH unit between pH 5 and pH 0. K,’ is an apparent equilibrium 
constant for an oxidation-linked proton function in ferri HRP. K,’ is an 
apparent equilibrium constant for an oxidation-linked proton function in 
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Fic. 2. The relationship between the oxidation-reduction potentials of the half 
reduced ferri HRP-ferroHRP system andpH. Temperature, 30°. Circled points are 
experimental values. The solid line represents Equation 2, with pK,’ = 7.38, pKo’ = 
10.56, and FE, = 0.1415 volt. 


ferro HRP. (Ht) is the standardized hydrogen ion activity. In Fig. 2, 
the experimentally determined values of E,, are plotted against pH and are 
compared with the curve described by Equation 2 upon assignment of the 
following constants: F, = 0.1415 volt; pKo’ = 10.56; pK,’ = 7.38. Dif- 
ferences between observed and calculated values of E,, are listed in 
Table III. 


DISCUSSION 


The potentials of the system ferri HRP-ferro HRP at 30° are compared 
in Fig. 3 with the corresponding potentials which have been reported for 
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cytochrome c (heart muscle, beef (7)), hemoglobin (horse (4)), myoglobin 
(heart muscle, horse (22)), and iron protoporphyrin LX (23). As is shown 
in Fig. 3, the potentials of the peroxidase system are much more negative 
than those of the other heme proteins, and E,, for ferri HRP-ferro HRP at 
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pH 


Fic. 3. Em-pH curves. Curve A, beef heart ferricytochrome c-ferrocytochrome 
c (7); Curve B, horse ferrihemoglobin-ferrohemoglobin (4); Curve C, horse heart 
ferrimyoglobin-ferromyoglobin (22); Curve D, ferriprotoporphyrin IX-ferroproto- 
porphyrin IX (23); Curve E, ferri HRP-ferro HRP. 


pH 7 is considerably more negative than the corresponding potential of the 
free prosthetic group system. In terms of the relationships studied by 
Clark and his coworkers in their extensive investigations of metallopor- 
phyrin-nitrogenous base systems (3), this fact would signify that the re- 
action of the free protein of peroxidase with ferriprotoporphyrin LX to 
form ferri HRP is more exergonic than the corresponding reaction of the 
protein with ferroprotoporphyrin IX. The reverse would be the case for 
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the analogous (hypothetical) reactions in the myoglobin, hemoglobin, and 
cytochrome c systems. 

The very negative potentials of the ferri HRP-ferro HRP system appear 
not unreasonable in relation to other available information. The reduction 
of ferri HRP has been accomplished only through the application of rela- 
tively strong reducing agents, and ferro HRP in vitro is oxidized by air at 
an exceedingly high rate. The existence of ferro HRP in vivo has yet to 
be observed. Freshly prepared enzyme has always been found to be in the 
“ferric” state. It is well established that peroxidatic activity does not in- 
volve formation of ferro HRP, but rather the formation of a complex or 
compound containing 2 more oxidizing equivalents than does ferri HRP 
(24, 25). Although at one time it was suggested that cyclic reduction to 
the ‘‘ferrous” state occurs in the action of peroxidase as an oxidase in the 
presence of dihydroxymaleic acid (26), it is now known that here also there 
is no formation of ferro HRP (27). 

Keilin and Hartree (28) have recently made a study of the cyanide com- 
pound of ferro HRP. They find that between pH 5.5 and 6.0 ferri HRP- 
cyanide cannot be reduced by sodium dithionite to form ferro HRP-cya- 
nide, although such reduction can be accomplished between pH 8.5 and 
9.5. Moreover, upon acidification of a solution of ferro HRP-cyanide pre- 
pared at pH 9, there occurs, below pH 8.5, a progressive oxidation to ferri 
_HRP-cyanide. At pH 6, no ferro HRP-cyanide remains. At pH 9 (tem- 
perature approximately 20° (?)), the dissociation constant of ferro HRP- 
“cyanide was found to be approximately 10? times larger than that of ferri 
HRP-cyanide. On the basis of these observations and our preliminary 
data on the potentials of the ferri HRP-ferro HRP system near pH 7 (9), 
Keilin and Hartree conclude that cyanide must lower markedly the already 
negative potentials of the cyanide-free system, and that, as a result, at pH 
5 to 6 sodium dithionite can no longer effect the reduction of the ‘‘ferric” 
cyanide compound. 

A 1000-fold difference in the magnitudes of the dissociation constants of 
_ the cyanide compounds, the ‘‘ferrous’”’ compound. being the more highly 
dissociable, would be expected to lower the oxidation-reduction potential 
of a 1 electron system by about 0.18 volt. If we assume the ratio of the 
dissociation constants to be the same at pH 6 as that at pH 9, and assume 
the ratio to be 10° at 30°, then at pH 9 and 30° the potential of the fern 
HRP-cyanide-ferro HRP-cyanide system would be approximately —0.48 
volt, whereas at pH 6 it would be approximately —0.40 volt. The poten- 
tial at pH 9 would thus be about 0.06 volt more positive, and that at pH 
6 about 0.04 volt more negative, than the corresponding potentials of the 
hydrogen system. It is interesting, furthermore, that according to this 
very approximate calculation the potentials of the HRP-cyanide and 
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hydrogen systems should be about equal at pH 8, the potentials of the 
HRP-cyanide system becoming more negative than those of the hydrogen 
system upon further acidification. Keilin and Hartree find ferro HRP-cy- 
anide to be stable in the range pH 8.5 to 9.5, oxidation setting in upon 
acidification below pH 8.5. 

The oxidation-reduction potentials for the different heme proteins at pH 
7 range from very positive to very negative values. Beef heart ferricyto- 
chrome c-ferrocytochrome c is among the most positive biological oxidation- 
reduction systems known, and ferri HRP-ferro HRP is among the most 
negative. It might be (9) that the resistance to reduction displayed by 
native catalase results from very negative oxidation-reduction potentials 
for the ferricatalase-ferrocatalase system, potentials so negative as to pre- 
clude the existence of free ferrocatalase under the conditions at which re- 
duction of ferricatalase has been attempted. 

From the data on the variation of the peroxidase potentials with pH 
(Fig. 2), it will be seen that E,, changes little with pH in the range pH 8.5 
to 9.5, becomes less negative as the pH decreases below pH 8.5, and be- 
comes more negative as the pH increases above pH 9.5. The simplest 
interpretation (2) of the variation in AE,,/ApH indicated by these data is 
to ascribe the change in slope below pH 8.5 to an oxidation-linked proton 
equilibrium in ferro HRP and the change above pH 9.5 to an oxidation- 
linked proton equilibrium in ferri HRP. 

It is generally accepted that in ferri HRP in neutral solution the sixth 
coordination position about the iron of the prosthetic group is occupied by a 
molecule of water (29, 30). The spectrum of ferri HRP in alkaline solu- 
tion differs from that in neutral solution (31). This difference has been 
ascribed to the dissociation of the water molecule coordinated to the iron, 
with the resultant formation of ‘‘alkaline peroxidase,” a form of ferri HRP 
in which the sixth coordination position is thought to be occupied by a 
hydroxyl ion (29, 32). Theorell (32) has studied this reaction both spectro- 
photometrically and magnetometrically and has reported a value of 11.27 
for pK’ as measured magnetometrically at 20° and a value of 10.91 as de- 
termined spectrophotometrically. The two determinations were made at 
different ionic strengths. It seems likely that the provisional value 10.56 
reported in the present communication represents the same equilibrium. 
The higher temperature at which the present experiments were conducted 
would’ be expected to result in a smaller value for pK’. Lower ionic 
strengths would result in a similar effect. 

The observation of the existence of an oxidation-linked proton equili- 
brium with a pK’ of 7.38 at 30° is worthy of special comment. Like the 
equilibrium in ferrihemoglobin with pK’ 6.65 at 30° (4), and the equilib- 
rium in ferricytochrome c with pK’ 7.8 at 30° as reported by Rodkey and 
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Ball (7) and pK’ 6.86 at 20° as reported by Paul (8), this oxidation-linked 
function has escaped detection by spectrophotometric and magnetometric 
means. Differential titration data for the pertinent range of pH have not 
been fully reported. In the only study which has been published (19), 
technical difficulties were encountered below pH 8, but it was concluded 
that the titration difference between ferri and ferro HRP remains approxi- 
mately constant over the range of pH 4 to 8. In a later review (38), 
however, Theorell, referring to unpublished data, states that the titration 
difference decreases below pH 8 and mentions the possibility of the existence 
of an oxidation-linked proton equilibrium in ferro HRP with a pK’ near 7. 
This later conclusion is thus in qualitative agreement with the results of the 
present investigation. 

On the basis of the information now available, no hypothesis will be ad- 
vanced as to the nature of the proton equilibrium with pK’ 7.38 in ferro 
HRP. It may be noted, however, that the present data need not be con- 
sidered to contradict the hypothesis that the fifth and sixth coordination 
positions about the iron of the prosthetic group are occupied by a carboxyl 
group of the protein (19) and a water molecule (29, 30). A heme-linked 
proton equilibrium in a protein system need not involve the dissociation of 
a group occupying a coordination position about the iron of the prosthetic 
group. 

There can be no doubt of the importance of learning the identity of the 
groups in the protein which display first order effects in the interaction with 
the prosthetic group, and the great interest which has been evinced in the 
identity of what have usually been presumed to be the foremost of these 
groups, those occupying the available coordination positions about the iron 
of the prosthetic group, is readily understandable. It is apparent, however, 
that the reactivity and functional specificity displayed by a heme protein 
may be expected not only to depend upon the nature of the groups occupy- 
ing the coordination positions about the heme iron, but to reflect the 
interaction of the prosthetic group with the larger number of groups in- 
cluded within the original meaning (5) of the term ‘‘heme-linked groups.” 
This interaction is likely to be highly dependent on factors of solvation and 
configuration, factors which may differ greatly not only between one heme 
protein and another, but also between reversibly interconvertible states and 
compounds of. the same heme protein. Insight into the very sensitive re- 
lationship between function and structure which is displayed by the heme 
proteins requires further information not only about the interaction between 
the prosthetic group and protein in each of the heme proteins, but also, 
most importantly, about the changes in this interaction which accompany 
various linked reactions. The immediate need is for the compilation of a 
body of quantitative information on pertinent entropy, enthalpy, and free =; 
energy changes. a 
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SUMMARY 


1. Oxidation-reduction potentials of the ferri horseradish peroxidase (ferri 
HRP)-ferro horseradish peroxidase (ferro HRP) system at 30° have been 
determined potentiometrically over the range of pH 4 to 11. 

2. Throughout the range of pH investigated, the potentials of the ferri 
HRP-ferro HRP system are much more negative than the corresponding 
potentials which have been reported for beef cytochrome c, horse hemo- 
globin, and horse myoglobin. £,, at pH 7 and 30° is —0.271 volt. This 
is more negative than the corresponding potential of half reduced iron pro- 
toporphyrin LX, which is estimated to be —0.14 volt. 

3. The simplest interpretation of the observed variation of E,, with pH 
is that there exists an oxidation-linked proton equilibrium in ferro HRP 
with pK,’ at 30° = 7.38, and an oxidation-linked proton equilibrium in 
ferri HRP with pK)’ at 30° = 10.56. The latter value is a provisional one. 
In accordance with this interpretation, the relationship between £,, and 
pH over the range of pH 4 to 11 is expressed by the equation 


(Ht)((Ht) + K,’) 
E, = E,+ F In (H*) + Ko’ 


4. A titration assembly is described which has proved suitable for the 
study of small samples of dilute, highly autoxidizable systems. Its use 
permits the concurrent collection of potentiometric and spectrophotometric 
data throughout the course of a titration. 


I should like to express my gratitude for the encouragement, interest, and 
support of Professor W. Mansfield Clark and Professor Joseph S. Fruton. 
I am deeply indebted also to Dr. Karl-Gustav Paul and Professor Hugo 
Theorell for their interest in this work, and for the most generous contri- 
bution of enzyme which has speeded it. 


BIBLIOGRAPHY 


1. Wyman, J., Jr., Advances in Protein Chem., 4, 407 (1948). 
2. Clark, W. M., and Cohen, B., Pub. Health Rep., U.S. P. H. S., 38, 666 (1923). 
3. Clark, W. M., Taylor, J. F., Davies, T. H., and Vestling, C. S., J. Biol. Chem., 
135, 543 (1940). 

4. Taylor, J. F., and Hastings, A. B., J. Biol. Chem., 131, 649 (1939). 

5. Coryell, C. D., and Pauling, L., J. Biol. Chem., 132, 769 (1940). 

6. Wyman, J., Jr., and Ingalls, E. N., J. Biol. Chem., 139, 877 (1941). 

7. Rodkey, F. L., and Ball, E. G., J. Biol. Chem., 182, 17 (1950). 

8. Paul, K.-G., Arch. Biochem., 12, 441 (1947). 

9. Harbury, H. A., J. Am. Chem. Soc., 76, 4625 (1953). 
10. Theorell, H., Ark. Kemi, Mineral. o. Geol., 16 A, No. 2 (1942). 
ll. Clark, W. M., J. Biol. Chem., 23, 475 (1915). 
12. MacInnes, D. A., and Belcher, D., Ind. and Eng. Chem., Anal. Ed., 5, 199 (1933). 
13. Willstatter, R., and Stoll, A., Ann. Chem., 416, 21 (1918). 


é 
J 
] 
. 
} 


1024 HORSERADISH PEROXIDASE 


. Hitchcock, D. I., and Taylor, A. C., J. Am. Chem. Soc., 60, 2710 (1938). 

. Stiehler, R. D., Chen, T.-T., and Clark, W. M., J. Am. Chem. Soc., 65, 891 (1933). 
. Michaelis, L., J. Biol. Chem., 91, 369 (1931). 

. Conant, J. B., Kahn, H. M., Fieser, L. F., and Kurtz, 8. 8., J. Am. Chem. Soc., 


44, 1382 (1922). 


. Michaelis, L., and Hill, E.8., J. Gen. Phystol., 16, 859 (1933). 

. Theorell, H., Ark. Kemi, Mineral. o. Geol., 16 A, No. 14 (1943). 

. Reed, L. J., and Berkson, J., J. Phys. Chem., 33, 760 (1929). 

. Clark, W. M., and Perkins, M. E., J. Am. Chem. Soc., 64, 1228 (1932). 
. Taylor, J. F., and Morgan, V. E., J. Biol. Chem., 144, 15 (1942). 

. Shack, J., and Clark, W. M., J. Biol. Chem., 171, 143 (1947). 

. George, P., Advances in Catalysis, 4, 367 (1952). 

. Chance, B., Arch. Biochem. and Biophys., 37, 235 (1952). 

. Swedin, B., and Theorell, H., Nature, 146, 71 (1940). 

. Chance, B., J. Biol. Chem., 197, 577 (1952). 

. Keilin, D., and Hartree, EK. F., Biochem. J., 61, 153 (1955). 

. Keilin, D., and Hartree, E. F., Biochem. J., 49, 88 (1951). 

. Chance, B., Arch. Biochem. and Biophys., 40, 153 (1952). 

. Keilin, D., and Mann, T., Proc. Roy. Soc. London, Series B, 122, 119 (1937). 
. Theorell, H., Ark. Kemi, Mineral. o. Geol., 16 A, No. 3 (1942). 

. Theorell, H., Advances in Enzymol., 7, 265 (1947). 


14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 


AMINE OXIDASES 
XIII. MONOAMINES AS SUBSTRATES OF DIAMINE OXIDASE* 
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AND E. ALBERT ZELLER | 


(From the Department of Biochemistry, Northwestern University Medical School, 
Chicago, Illinois) 


(Received for publication, August 30, 1956) 


In order to obtain more information about the reactive site of amine 
oxidases, the substrate and inhibitor pattern of these enzymes has been 
studied in this laboratory for some time. In Paper XII of this series (2), 
62 diamines were tested as potential substrates of mammalian diamine oxi- 
dase (DO). It was concluded that, in contrast to earlier concepts (3), at 
least one of the two basic groups of the substrate does not react with the 
enzyme surface through the agency of Coulomb forces. If this concept is 
valid, monoamines should serve as substrates of DO. As shown in a pre- 
liminary report, this assumption was confirmed experimentally (1). These 
new substrates were investigated further, since they offer relatively simple 
conditions for the analysis of the interaction between enzyme and sub- 
strate. 


Materials and Methods 


Most of the compounds were prepared in this laboratory by conventional 
methods.! Commercial bases were converted into hydrochlorides and 
tested as previously described (2). Hog kidney cortex served as a source 
of partially purified DO. The activity of the preparations is expressed by 
the initial oxidation rate, and is given in terms of 10-* mole of Oz per 
hour (2). In some experiments particulate fractions of hog kidney cortex 
were also used. ‘These preparations, corresponding to liver mitochondria, 
were isolated by differential centrifugation of the homogenate in 0.28 m 
sucrose (4) and the particles were washed five times. 


* This work was supported by research grants from the National Institutes of 
Health, United States Public Health Service (grant No. G-3201), from the Lilly Re- 
search Laboratories, Indianapolis, Indiana, and from the Multiple Sclerosis Founda- 
tion of America, Chicago, Illinois, Dr. Lewis J. Pollock, Responsible Investigator. 
Presented in part at the Forty-fifth annual meeting of the American Society of Bi- 
ological Chemists at Atlantic City, April, 1954 (1). 

1 We wish to extend our thanks to the Armour Research Division for samples of 
dodecylamine and octadecylamine, to Dr. M. J. Schiffrin, Hoffmann-La Roche, Inc., 
for a supply of iproniazid (Marsilid), and to Dr. H. Tabor, National Institutes of 
Health, Bethesda, Maryland, for histaminol. 
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Unless further specifications are given, the experiments with enzymes 
were carried out under “standard conditions” (2). However, since many 
monoamines are volatile, Conway’s method for the determination of 
ammonia could not be used without modification. To remove ammonia 
from the incubation mixture (5), 1 ml., containing no more than 10° 
mole of base, was shaken for 1 hour with 100 mg. of yellow mercuric oxide 
and then left standing overnight at room temperature. After centrifuga- 
tion, aliquots of the supernatant solution were pipetted into Conway units, 
Samples not treated with mercuric oxide gave the total amount of volatile 
base. 


Results 


Grimm’s Series of Pseudohalogens—Certain hydrides, as represented by 
Grimm’s group of pseudohalogens, display similar chemical and physical 
properties (6, 7). These relationships were used as a preliminary guide for 
replacing one of the two amino groups of cadaverine by a non-basic residue, 
viz. by halogen (5-bromo-n-pentylamine), by a hydroxy] group (5-amino-1- 
pentanol), and by a methyl group (n-hexylamine). On testing these three 
compounds at 0.02 m concentration with 7 units of DO, the rates of oxida- 
tion were 39, 59, and 26 per cent, respectively, of that of 0.01 m cadaverine. 
The typical inhibitors of DO, 2 X 10-* m semicarbazide (8) and 10-5 m 
aminoguanidine (9), which do not affect monoamine oxidase (MO), blocked 
the oxidation and deamination of these monoamines. 

Aliphatic Monoamines—Since aliphatic monoamines seem to undergo 
degradation in the presence of DO (see the preceding section), additional 
n-alkylamines (C; to Cg, Cz, Cig) were tested. When these compounds 
at 0.04 m concentration were incubated with DO, the C2 to C; amines caused 
marked oxygen consumption. Propylamine, one of the best substrates 
of this series, was chosen for further analysis. 20 uwmoles of propylamine 
were incubated with 3 units of DO until 16.9 K 10-* mole of oxygen was 
taken up. The volatile amines were separated by mercuric oxide and 
yielded 16.9 K 10-* mole of ammonia. This degradation of propylamine 
was inhibited by 10-4 m semicarbazide and by 10~* m hydrazine and methyl- 
hydrazine, but was not affected by 10~ m iproniazid, a substance which is 
a powerful inhibitor of MO (10) but not of hog kidney DO (11). 

The ratio, O: NH; = 2.1, for the oxidative deamination of propylamine 
indicates that the immediate degradation product underwent further oxi- 
dation. However, since some of the amine might have escaped this fate, 
the incubation mixture was heated until one-fourth of the solution had been 
distilled. After the addition of a saturated solution of dimedon to the dis- 
tillate, colorless scales were formed which melted at 153-154°. The di- 
medon derivative of synthetic propionaldehyde melted at 152.5-153.5° 


? The melting point of this compound is 154-156° (12). 
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A mixed melting point showed no depression (all melting points are un- 
corrected). The crystals were entirely free from nitrogen. 

The oxidation rate of the Cz to C3 series was measured as a function of 
substrate concentration. ‘The results were plotted according to Line- 
weaver and Burk, and the intercept on the xz axis, i = —1/K,,, was deter- 
mined (Fig. 1). For propylamine and butylamine, K,, was found to be 
0.021 and 0.010, respectively. For the other members of this series, the 
rate dropped at higher concentrations, as is often observed for DO (2, 13, 
14) and many other enzymes. When only the data obtained with the 
lower concentrations were used for the construction of the curve, the Kn 
values for ethylamine and amylamine were estimated to be 0.03 and 0.02, 
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Fig. 1. Degradation of monoamines by DO. Molarity of substrate concentration 
is given by S, initial velocity by V (micromoles of oxygen per hour per unit of DQ). 
Curve 1, n-butylamine; Curve 2, n-propylamine; Curve 3, tyramine; Curve 4, 5- 
amino-l-pentanol. 


respectively. A similar evaluation for putrescine and cadaverine furnished 
the values 0.002 and 0.001. 

With the introduction of a double bond in the 8,y position, the property 
of behaving as a substrate is all but destroyed. When 0.04 m propylamine 
was incubated with 7 units of DO, the Q value was found to be 1.5, but with 
allylamine, in the presence and absence of 10-* m semicarbazide, the 
oxygen uptake was only 0.15 X 10-® mole in 2 hours. This negligible 
oxidation probably was not due to a low affinity between allylamine and 
DO, since 0.001 m allylamine inhibited the degradation of 0.02 m propyl- 
amine and 0.01 m cadaverine by 78 and 79 per cent, respectively. 

A similar result was obtained with N,N-dimethyl-4-pentenylamine; 
after incubation of a 0.005 m solution for 17 hours with 2.5 units of DO, 
only 0.7 X 10-* mole of oxygen uptake above the blanks was recorded. 

Amino Alcohols and Related Compounds—Not only 5-amino-1-pentanol, 
but also its C2 to Cy homologues are attacked by DO, the highest oxidation 
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rate being found for the C, and C; derivatives (see Grimm’s series). The 
O:NH,; values were found to vary between 1.3 and 2.0. Semicarbazide 


TABLE I 
Simultaneous Degradation of Cadaverine and 5-Amino-1-pentanol 


Each vessel contained 6.5 units of DO in a total volume of 1.5 ml. Initial velocity 
of oxygen uptake (Q), micromoles per hour. Ammonia was measured (in micro- 
moles) after 4 hours of incubation. 


Substrate Q found NHs found 
0.003 m cadaverine (I)..................... 6.5 5.2 
0.01 ‘‘ aminopentanol (III)............... 3.2 7.3 


1234512345 | 

Fic. 2. Degradation of tyramine by two different hog kidney preparations. The | 3 
reaction vessels contained mitochondria equivalent to 0.1 gm. of hog kidney cortex ~  : 
which are without effect on cadaverine (A), or a soluble and partially purified en- © ) 
zyme equivalent to 7 DO units (B). Tyramine concentrations: 0.01 M (A) and 0.02 © 
M (B). Initial velocity of tyramine oxidation: 13.6 (A) and 0.9 (B) umoles of oxygen 
per hour respectively. Bars 1A and 1B, controls without inhibitor; Bars 2A and 2B, 
saturated with n-octanol; Bar 3A, 10~‘, and Bar 3B, 10-* Mm iproniazid; Bars 4A and 
4B, supernatant solution used after centrifugation of enzyme preparations at 120,000 
X g for 1 hour; Bars 5A and 5B, 10-3 m aminoguanidine. 


(10-4 m) is an efficient blocking agent. In the presence of DO, the oxida- 
tion velocity of these compounds was determined as a function of substrate 
concentration. Only the Cs; derivative followed the simple Michaelis- 
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Menten relationship (K» = 0.05; Fig. 1). Simultaneous oxidation of 
aminopentanol and cadaverine never led to additive Q values, as shown 
by the example presented in Table I. 

The following amino alcohols and related compounds were not attacked 
by 5 units of DO even after 24 hours of incubation: 3-dimethylamino-1- 
propanol, 4-dimethylamino-1-butanol, the diethyl homologues of these 
substances, agmatinol and its C2 homologue, histaminol, choline, 1 ,4- 
butanediol, 1,5-pentanediol, and 1 ,4-dichlorobutane. 

Degradation of Tyramine by MO and DO—During the purification of DO, 
a small degree of activity toward tyramine, a well known substrate of MO, 
could not be eliminated. In the light of the results already presented, 
the degradation of tyramine might not have been caused by a contamina- 
tion of DO by MO, but by DO itself. In order to test this assumption, hog 
kidney cortex was fractionated (see ‘‘Materials and methods’’). Both 
the particulate and the cytoplasmic fractions attacked tyramine (Fig. 2). 
As was expected, the “mitochondrial” fraction turned out to be a typical 
source of octanol-sensitive MO, while the soluble part of the homogenate 
acted on tyramine in every respect in the manner to be expected of DO 
(Kn = 0.025; Fig. 1). High speed centrifugation of the soluble part did 
not remove the activity toward tyramine. Accordingly, this amine seems 
to be attacked by two different entities.’ 


DISCUSSION 


The data given above indicate that (a) MO is easily separated from 
DO by differential centrifugation, since MO is exclusively present in par- 
ticulate matter; that (b) acyl hydrazides, which are powerful inhibitors of 
DO but not of MO, block the degradation of monoamines by DO, while 
the MO inhibitor, iproniazid, is without effect; and that (c) simultaneous 
oxidation of monoamines and diamines by DO never leads to additive oxi- 
dation rates. It is therefore concluded that mammalian DO attacks 
monoamines, although much less readily than diamines. The second basic 
group of a diamine does not seem to be essential for the formation of the 
enzyme-substrate complex or for the deaminating process. However, when 
one considers that cadaverine (Km = 0.001) is oxidized optimally at 10-% 
M concentrations (13), while more than 10 times this concentration is neces- 
sary to achieve the same result for monoamines (Kp, = 0.01 to 0.05), it 
becomes apparent that the second amino group contributes greatly to the 
affinity between DO and its substrates. A comparison of Km values leads 
to the same conclusion; however, Km is of limited help because it is ill 
defined for most diamines and monoamines, and the relationship between 


* The degradation by DO of another monoamine, mescaline, will be discussed else- 
where. 
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substrate concentration and rate of oxidation is much more complex than 
that expressed by the Michaelis-Menten relationship and its modifications, 

As mentioned above, the second basic group may not be attracted to the 
reactive site of DO by the positive charge of its derived cation, but by its 
nucleophilic character (2). If this is true, N-trimethylcadaverine, which 
does not possess a free electron pair at the tetraalkylammonium group, 
should behave like a monoamine toward DO. This conclusion is sup- 
ported by the observation that this cadaverine derivative is a poor sub- 
strate of DO and requires high concentrations to produce measurable 
degradation (2). 

N ,N’-substituted diamines are not suitable substrates of DO (2). In 
conformity with these results, the N-substituted monoamines likewise do 
not function as substrates for DO. In contrast to MO, which accepts 
N-substituted monoamines, mammalian DO does not remove substituted 
amino groups from monoamines or diamines. 

In a previous paper, the various parts of DO substrates were designated 
A, B, and C (2). With the inclusion of the present results, the following 
classification is suggested: Residue A is always represented by terminal, 
unsubstituted amino groups; Residue B (nucleophilic group) is formed by 
2N, R.N, heterocycles, etc., and may be left out; Residue C (non-basic 
group) comprises structures such as —(CHe2),—, CH3(CHs2),—, (CHs);- 
N(CH2),—, or Br(CH2),.—. 

The following equation for the DO reaction has been proposed (8) and 


RCH:NH: + O: = RCHO + NH; + H:0: 


After the enzymic oxidation of histamine, DPN‘ was converted stoichio- 
metrically into DPNH in the presence of aldehyde oxidase (15). After 
being acted upon by DO, aliphatic diamines formed cyanide (16) and bi- 
sulfite-binding substances (15, 17, 18), but only a fraction of the theoretical 
amount of the latter was found since the amine aldehydes undergo spon- 
taneous cyclization (15, 18, 19). In no instance have the primarily pro- 
duced aldehydes been isolated. By taking advantage of the fact that DO 
deaminates monoamines, the reaction products of which cannot form cyclic 
compounds, propionaldehyde was isolated as its dimedon derivative. 

Suspensions of Achromobacter oxidize putrescine, histamine, and iso- 
amylamine. These reactions are blocked by semicarbazide. However, 
it was concluded that the degradation of these substrates was catalyzed 
by separate entities whose ‘‘behaviors were very similar to those of a 
mammalian diamine oxidase” (20). Purified DO from pea seedlings, one 
of the richest sources of DO, was found to degrade ethylamine, ethanol- 
amine, and three other monoamines, but much less readily than putrescine 


DPN = diphosphopyridine nucleotide. 


confirmed (15). | 
| 
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(18, 21). Again, semicarbazide prevents the degradation. Thus, the 
ability to react with monoamines seems to be a widespread property of 
DO, and the conclusion, drawn for mammalian DO, may be valid for DO 
from other sources also. 


SUMMARY 


1. T'wenty-six monoamines and three non-basic compounds were tested 
with partially purified hog kidney diamine oxidase, and thirteen amines 
turned out to be substrates of this enzyme. K,» values were determined 
for several amines. 

2. Propionaldehyde, the degradation product of propylamine, was iso- 
lated as its dimedon derivative. 

3. Allylamine is very poorly degraded, if at all, but blocks diamine 
oxidase efficiently. 

4. The degradation of tyramine by monoamine oxidase and diamine 
oxidase, both obtained from hog kidney cortex, is compared. 

5. It is concluded that the second basic group of a substrate of diamine 
oxidase is not essential for the formation of the enzyme-substrate complex, 
but helps to form the complex through its nucleophilic character. 


BIBLIOGRAPHY 


. Fouts, J. R., Federation Proc., 18, 210 (1954). 

2. Zeller, E. A., Fouts, J. R., Carbon, J. A., Lazanas, J. C., and Voegtli, W., Helv. 
chim. acta, 39, 1632 (1956). 

3. Zeller, E. A.,in Sumner, J. B., and Myrbick, K., The enzymes, 2, pt. 1, 536 (1951). 

4. Hogeboom, G. H., Schneider, W. C., and Palade, G. E., J. Biol. Chem., 172, 619 
(1948). 

5. Francois, M., Compt. rend. Acad., 144, 567 (1907). 

6. Grimm, H. G., Giinther, M., and Titus, H., Z. physik. Chem., Abt. B, 14, 169 
(1931). 

7. Erlenmeyer, H., Bull. Soc. chim. biol., 30, 792 (1948). 

8. Zeller, E. A., Helv. chim. acta, 21, 1645 (1938). 

9. Schuler, W., Experientia, 8, 230 (1952). 

0 

1 


. Zeller, E. A., Barsky, J., and Berman, E. R., J. Biol. Chem., 214, 267 (1955). 

. Zeller, E. A., Barsky, J., Fouts, J. R., Kirchheimer, W. F., and Van Orden, L. §&., 
Experientia, 8, 349 (1952). 

12. Vorlinder, D., Z. anal. Chem., 77, 241 (1929). 

13. Zeller, E. A., Schar, B., and Staehlin, S., Helv. chim. acta, 22, 837 (1939). 

14. Zeller, E. A., Helv. chim. acta, 24, 539 (1941). 

15. Tabor, H., J. Biol. Chem., 188, 125 (1951). 

16. Zeller, E. A., Helv. chim. acta, 23, 1418 (1940). 

17. Zeller, E. A., Stern, R., and Wenk, M., Helv. chim. acta, 23, 3 (1940). 

18. Mann, P. J. G., and Smithies, W. R., Biochem. J., 61, 89, 101 (1955). 

19. Hasse, K., and Maisack, H., Naturwissenschaften, 41, 627 (1955). 

20. Satake, K., Ando, S., and Fujita, H., J. Biochem., Japan, 40, 299 (1953). 

21. Mann, P. J. G., Biochem. J., 59, 609 (1955). 


J 


| 

{ 
I 


ACTIVATION OF METHIONINE FOR TRANSMETHYLATION* 


Il. THE METHIONINE-ACTIVATING ENZYME: STUDIES ON THE 
MECHANISM OF THE REACTION 


By G. L. CANTONI anp J. DURELL 


(From the Laboratory of Cellular Pharmacology, National Institute of Mental Health, 
United States Department of Health, Education, and Welfare, Public Health 
Service, National Institutes of Health, Bethesda, Maryland) 


(Received for publication, September 13, 1956) 


Vertebrates, higher plants, fungi, and presumably other organisms uti- 
lize the methyl group of methionine for biological methylations. As a 
result of recent work on the mechanism of transmethylation reactions, it 
has been established that, in reality, activation of methionine is a pre- 
requisite for the transfer of its methyl group (1, 2). The activation reac- 
tion is catalyzed by an enzyme system found in the livers of numerous 
mammalian species and in yeast. In this reaction, which is described by 
Equation 1, ATP! plays an essential role. More specifically, ATP fulfils 
a dual function, inasmuch as it serves (a) directly or indirectly as a source 
of the adenosine moiety that is incorporated in AMe (2) and (b) as an 
energy source, since it has been calculated (3, 4) that the methylsulfonium 
bond in AMe is roughly equivalent to the pyrophosphate bond in ATP. 

GSH 


(1) L-Methionine + ATP > S-adenosylmethionine + 3IP 
Mg** 


The mechanism of formation of AMe from methionine and ATP poses 
a number of interesting problems. As described by Equation 1, in the 
course of the activation reaction all three phosphates of ATP appear as 
IP. This can be explained only by assuming that the reaction mechanism 


*Seventh paper in a series on enzymatic mechanisms and transmethylation. 
Preliminary reports were presented before the Third International Congress of Bio- 
chemistry at Brussels, 1955, and before the meeting of the American Society of Bio- 
logical Chemists at Atlantic City, April, 1956. Some of the experiments reported 
were performed by one of us (G. L. C.) while he was at the Department of Pharma- 
cology, School of Medicine, Western Reserve University, Cleveland, Ohio. 

! The following abbreviations are used throughout: ATP (or ARP-P-P) adenosine 
triphosphate; ADP, adenosine diphosphate; AMP, 5-adenylic acid; UTP, uridine 
triphosphate; ITP, inosine triphosphate; AMe, S-adenosylmethionine; IP, ortho- 
phosphate; PP, inorganic pyrophosphate; GSH, reduced glutathione; Tris, tris(hy- 
droxymethyl)aminomethane; MAE, methionine-activating enzyme of rabbit liver; 
YPPase, highly purified yeast inorganic pyrophosphatase; ATPase, adenosinetri- 
phosphatase activity of rabbit liver; LPPase, inorganic pyrophosphatase activity of 
rabbit liver. 
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is complex and that secondary hydrolytic steps are involved. Another 
point of interest relates to the manner in which the energy of the pyro- 
phosphate bond of ATP is utilized to generate a new type of energy-rich 
bond. 

The present communication deals mainly with the possible mechanism 
of the enzymatic activation reaction catalyzed by a partially purified prep- 
aration of MAE from rabbit liver and, more specifically, with the fate of 
the individual phosphate groups of ATP as investigated with isotopically 
labeled compounds. 


EXPERIMENTAL 
Methods 


Enzyme Preparations; Methionine-Activating Enzyme—Rabbits of me- 
dium size and of various breeds, most frequently albino, were used. Two 
rabbits can be used most conveniently for one preparation. The animals 
were anesthetized (usually 15 to 20 hours after the last feeding) by intra- 
venous injection of a 10 per cent solution of sodium Seconal (0.4 to 0.5 
ml. per kilo of body weight) and bled from the carotids. The livers were 
then removed and placed on ice. All subsequent operations, unless other- 
wise stated, were carried out in a cold room maintained at 2°; glass-dis- 
tilled water was used throughout. 

Step 1. Extraction and Ammonium Sulfate Fractionation—The livers were 
homogenized in a Waring blendor with 2.5 volumes of cold 0.01 N acetic 
acid. ‘The suspension was centrifuged for 30 minutes in a Servall centri- 
fuge at 18,000 X g. ‘The supernatant fluid was decanted through a funnel 
containing a small glass wool plug and cooled to 2-4°. (The temperature 
of the suspension may rise to 12—15° during centrifugation.) Next a solu- 
tion of ammonium sulfate saturated at 2° was added slowly with sufficient 
stirring (50 ml. per 100 ml. of solution). The mixture was stirred gently 
for 20 minutes, and then centrifuged in a Servall centrifuge (10 minutes 
at 18,000 X g). The precipitate was discarded, and additional ammonium 
sulfate solution was added to the supernatant fluid (36 ml. for each 100 
ml. of initial volume). After an interval of 20 minutes, the precipitate 
was collected by centrifugation, the supernatant fluid was discarded, and 
the tubes were allowed to drain for a few minutes in the cold room. When 
stored at —20°, the ammonium sulfate paste (Ammonium Sulfate Precipi- 
tate I) is stable for several weeks. 

Step 2. Dialysis and Isoelectric Precipitation—-The ammonium sulfate 
paste was dissolved in a small volume (10 to 20 ml.) of ice-cold potassium 


phosphate buffer (0.1 mM, pH 6.3), and dialyzed for 4 hours against 0.05 mM — 


buffer at the same pH in a rocking dialyzer. At the end of the dialysis, 
a small precipitate was removed by centrifugation, and the protein con- 
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centration of the supernatant fluid was adjusted to 8 to 10 mg. per ml. by 
dilution with water. Protein was determined by the spectrophotometric 
method of Warburg and ‘Christian (5). After addition of neutralized 
GSH (2 mg. per ml. of protein solution), the pH was lowered to 5.1 by the 
addition of approximately 0.01 volume of 1.0 m sodium acetate buffer, pH 
4.9. The suspension was kept at 0° for 15 minutes and then centrifuged 
in the International refrigerated centrifuge. The supernatant fluid was 
discarded, and the precipitate was dissolved in approximately four-fifths 
the initial volume with use of 0.05 m phosphate buffer, pH 7.0, containing 
2.0 mg. of GSH per ml. (Isoelectric Precipitate). The resulting solution 
could be stored frozen for several days with little loss of activity. 

Step 3. Ammonium Sulfate Fractionation—The solution obtained above 
was diluted with water to a protein concentration of approximately 10 mg. 
per ml., and the pH was adjusted to 6.0 by addition of sodium acetate buf- 
fer (1.0 mM, pH 5.5). The suspension was kept in an ice bath for 15 min- 


utes and then stirred gently at room temperature until the temperature 


rose to 15—18° (usually 45 to 60 minutes were required for this step). After 
the suspension was cooled to 2°, a fairly copious precipitate of inert protein 
was removed by centrifugation, and the supernatant fluid was fractionated 
by the addition of saturated ammonium sulfate adjusted to pH 6.1 and 
containing Versene (1 mg. per ml.). The fraction precipitating between 
33 and 46 per cent saturation contained most of the activity. The pre- 
cipitate obtained by the above procedure was dissolved in 5 to 10 ml. of 
0.05 m Tris buffer, pH 7.5, with 2 mg. of GSH per ml. (Ammonium Sulfate 
Precipitate IT). 

Step 4. Heat Treatment and Reprecigitation with Ammonium Sulfate— 
The enzyme solution was dialyzed for 4.5 hours against 500 volumes of 
0.05 m phosphate buffer, pH 6.3. Next it was mixed with 2 volumes of 
a solution of the following composition: ATP, 0.02 mM; Lt-methionine, 0.02 
M; Tris buffer, 0.1 mM, pH 7.5; MgCl:, 0.3 m; and GSH, 0.008 m. The solu- 
tion was quickly brought to 54-55° and kept at this temperature for 8 
minutes. After being cooled to 2° in an ice bath, 2 volumes of saturated 
ammonium sulfate solution were added, and the suspension was centrifuged 
at high speed. The precipitate was suspended as well as possible in a solu- 
tion containing 4 parts of saturated ammonium sulfate and 2 parts of 
neutralized GSH (12.5 mg. per ml.) and was recentrifuged. The super- 
natant fluid was discarded and the precipitate dissolved in 5 to 10 ml. of 
0.05 m Tris buffer, pH 7.4, with 2.0 mg. of GSH per ml. At this stage the 
enzyme is stable for several weeks if kept frozen. 

The fractionation described above results in 15- to 30-fold purification 
over the Ammonium Sulfate Precipitate I described in Step 1. Overall, 
a 60- to 90-fold purification from the crude acetate extract may be obtained 
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by this procedure. The results from a representative run are presented in 
Table I. Some of the steps in the purification procedure were adopted be- 
cause of their effectiveness in removing contaminating enzymes; thus Step 


TABLE I 
Purification of Methionine-Activating Enzyme 
For the conditions of the assay, see the text. 


Total units* | Units per ml. fos ne wd 
Ammonium Sulfate Ppt. I.................. s00 | 18.2 0.23 
780 | 22.0 0.88 
Ammonium Sulfate Ppt. II................. 250 | 48 1.55 
After heat treatment....................... 190 | 60 3.5 


*1 unit = 1 wmole of AMe formed in 30 minutes at 37°. 
t Units per mg. of protein. 


TaBLe II 


Enzymatic Composition of Different Fractions of Methionine-Activating Enzyme 

For the conditions of the assay of MAK, see the text; for the measurement of 
LPPase activity, 3 wzmoles of PP were added in place of ATP; for the measurement 
of ATPase activity, L-methionine was omitted from the reaction mixture. 


Specific activity, units per mg. : 
protein* Ratios 


MAE | MAEt |LPPase ATPase! -— 
(a) (b) (c) (d) (e) (f) 


Ammonium Sulfate Ppt. I................ 0.24 | 0.26 | 0.84 | 1.18 | 0.3 | 2.2 
0.59 | 0.69 | 0.18 | 0.385 | 3.8); 1.9 
Ammonium Sulfate Ppt. II............... 1.0 | 1.39 | 0.1 | 0.42 | 18.9 | 3.2 
After heat treatment..................... 2.28 | 2.75 | 0.12 | 0.05 | 23.0 | 55.0 


* MAKE, 1 unit = 1 wmole of AMe formed in 30 minutes at 37°; LPPase, 1 unit = 
1 umole of pyrophosphate hydrolyzed in 30 minutes at 37°; ATPase, 1 unit = 1 umole 
of orthophosphate formed from ATP in 30 minutes at 37°. 

+ Measured with added YPPase (30 units with 3 y of protein). 


2, isoelectric precipitation, achieves the removal of most of the LPPase 
(Table II, Column e), and Step 4 removes almost completely the residual 
ATPase (Table II, Column f). ; 
Other Enzyme Preparations—Preparations of crystalline and highly pur | 
fied pyrophosphatase were obtained initially through the generosity of 
Dr. M. Kunitz and Dr. Leon Heppel, respectively, and later prepared from ~ 
dried bakers’ yeast by the procedure of Heppel and Hilmoe (6). Potato © 
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apyrase was prepared according to Krishnan (7). Myokinase was pre- 
pared according to Colowick and Kalckar (8). 

Measurement of Enzyme Activity—The activity of the MAE can be de- 
termined either by measuring the amount of IP liberated from ATP in the 
presence and absence of methionine (1) or by determination of AMe directly 
(9). 

MAE activity was measured in a reaction mixture of the following com- 
position: 0.02 m ATP; 0.02 m L-methionine; 0.008 m GSH; 0.3 m MgCl; 
and 0.13 m Tris buffer at pH 7.6. The cold enzyme solution was added to 
the reaction mixture at room temperature and incubated at 37° for 30 min- 
utes. 

Under the conditions of the assay, the formation of AMe was approxi- 
mately linear with time and proportional to enzyme concentration. ‘The 
reaction was terminated by the addition of 6 per cent perchloric acid, and 
aliquots of the protein-free filtrate were used for the determination of IP 
(10) and AMe. 

The determination of AMe is based on the fact that this compound, on 
account of its cationic nature, is not adsorbed on an anion exchange resin 
(Dowex | chloride) under conditions favoring the absorption of most other 
adenine derivatives. Adenosine is not adsorbed, but this fact does not 
vitiate the validity of the method, since adenosine is not formed enzymat- 
ically from ATP under the conditions of this study. Specifically the pro- 
cedure was as follows: An aliquot of the perchloric acid filtrate containing 
3 to 5 umoles of adenine nucleotides was transferred to a graduated cylin- 
der containing about 15 ml. of Tris buffer (0.015 m, pH 7.4) and 1 drop of 
brom thymol blue (0.04 per cent). After carefully adjusting the pH to 
7.4 by dropwise addition of 1.0 N NaOH, 2 ml. of a 50 per cent suspension 
of Dowex 1 chloride (X-10, 200 to 400 mesh) were added, and the volume 
was brought to 25 ml. The contents were mixed repeatedly by inversion 
during the next 15 minutes, and after filtration the optical density of the 
solution was read at 260 my in the Beckman DU spectrophotometer. A 
molar extinction coefficient of 16,000 has been used to calculate the AMe 
concentration. PP was determined as easily hydrolyzable phosphate after 
removal of adenine nucleotides with Norit A (11). 


Results 


Formation of Pyrophosphate—According to Equation 1, the-ratio of IP 
to AMe should be 3. Such a ratio was invariably observed “with crude 
preparations of the MAE. However, during the course of enzyme purifica- 
tion it became evident that the ratio of IP to AMe decreased progressively 
and in the best fractions approached a value of 1 (Table III). Further- 
more, losses in total activity were encountered during the fractionation 
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procedures, and such losses were particularly apparent when the activity 
was measured by the phosphate method. As indicated previously (4), 
examination of the enzymatic pattern of different fractions revealed the 
fact that crude MAE contained from 5 to 15 units of LPPase per unit of 
MAE, while in purified fractions the ratio of LPPase to MAE was as low 
as 0.05 (Table IT). 

These observations were interpreted as an indication that, in the course 
of the activation reaction, PP was formed, and furthermore that it accumu- 
lated, in the absence of sufficient LPPase, in amounts large enough to in- 
hibit the synthesis of AMe (Table II, Columns a and b). If this interpre- 
tation is correct, a more precise formulation of the activation reaction may 


TaBLeE III 
Effect of Enzyme Purification on Formation of AMe and IP 


The experimental conditions were identical with those described for assay in the 
text. When indicated, 3 y of YPPase (30 units) were added per ml. of solution. 


IP 
AMe IP "AMe 
umoles pmoles 
Ammonium Sulfate Ppt. I.................. 1.50 4.39 2.9 
I+ YPPase....... 1.6 4.8 3.0 
Ammonium Sulfate Ppt. II................. 2.8 2.85 1.03 
II + YPPase...... 3.2 9.4 2.94 


be represented by Equations 2 and 3, the sum of which is equal to Equa- | 
tion 1 above. 


@ GSH 
(2) L-Methionine + ATP > AMe + PP + IP 
Mgtt 
GSH 
(3) 
GSH 
(2) + (3). Lt-Methionine + ATP > AMe + 3IP 


Three lines of experimental evidence were obtained in support of this 
formulation: (a) Addition of YPPase stimulated the formation of AMe and 
restored the ratio of IP to AMe to values approaching 3.0 (Table III). 
The effect of YPPase on the formation of AMe was reflected in a parallel —- 
increase in the disappearance of ATP, determined by the procedure of ~ 
Cohn and Carter ((12); Table IV); (b) in the absence of added YPPase, __, 
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it was found that AMe, IP, and PP were formed in approximately equiva- 
lent amounts (Table V). The deviations from the values which would be 
expected for Equation 2 are small and can probably be accounted for by 
the fact that the purified MAE is still not entirely free of contaminating 


TaBLe IV 
Effect of Addition of PPase on AMe Formation and on ATP Disappearance 
The experimental conditions were identical with those defined for MAE assay in 
the text, except that less ATP was used, and that methionine and 3 y of YPPase (30 
units) were included or omitted as indicated. The results are expressed in per cent 
of total adenine nucleotides. The actual values of the total adenine nucleotide in 
the four samples were 12.12, 11.95, 11.84, and 11.75 umoles of adenine, respectively. 


YPPase added No YPPase 
Nucleotide Methionine Methionine 
+ A A 
34.6 1.27 +33.3 17.8 1.19 +16.6 
4.1 2.01 +2.1 3.28 2.05 +1.23 
10.4 11.7 —1.3 11.0 11.8 —0.8 
50.8 85.5 —34.2 67.8 85 —17.2 
TABLE V 


Equivalence of S-Adenosylmethionine, Pyrophosphate, and Orthophosphate Formation 


The'experimental conditions were identical with those defined for the MAE assay 
in the text. 


Experiment No.| Incubation AMe IP PP 
(a) (b) (c) (2) (e) 
min pmoles pmoles pmoles 
la 30 2.92 3.50 3.1 1.12 1.06 
lb 60 4.2 5.02 3.9 1.2 0.93 
2a 30 2.06 2.55 2.25 1.2 1.09 
2b* 30 2.46 7.64 0.06 3.1 0 


* 20 units of purified YPPase with 2 y of protein were added. 


LPPase; (c) PP was found to inhibit the formation of AMe. It is note- 
worthy that there is a marked effect of pH on this inhibition; at low con- 
centrations of PP the inhibition is evident only at pH levels below 7.0. 
This might indicate that the true inhibitor is the pyrophosphate anion 
H,P,0,", since this species is the predominant one at pH levels below 6.8. 

Origin of Pyrophosphate—In order to gain an insight into the reaction 
mechanism, it was thought desirable to determine which two of the three 
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phosphates of ATP? give rise to PP. For this purpose ATP labeled with 
P® was used, and its specific activity compared with that of the PP formed 
during the reaction. 

In the first experiment (Table VI) vessels with 3 ml. of a complete re- 
action mixture containing ARP-P*®-P® were incubated for 20 and 40 min- 
utes, respectively, at 37°. The reaction was terminated by the addition 
of 4 ml. of 6 per cent perchloric acid. Control reaction mixtures without 
L-methionine were also incubated; in addition, for initial values identical] 
reaction mixtures were set up, and perchloric acid was added before the 


TaBLe VI 
Origin of Inorganic Pyrophosphate As Studied by Means of ARP-P*?-P* 


Kach vessel contained 22.5 uwmoles of ATP, 15 umoles of glutathione, 400 umoles of 
MgCl., 200 umoles of Tris-HCl buffer, pH 7.4, and 15 mg. of protein in a final volume 
of 3.0 ml. 30 uwmoles of L-methionine were added to the complete system. Specific 
activities of inorganic phosphate and pyrophosphate are corrected for zero time 
values. 


Specific activity 
Incubation time 
PP*t ATPt 
min 
Zero time 5360 
Complete 20 2450 5220 
“a 40 2590 4440 5420 
No methionine 20 


* Counts per minute per micromole of phosphate. 

+ To correct for the addition of carrier PP, the values in this column were ob- 
tained by multiplying the measured values by the appropriate dilution factor. 

t Counts per minute per micromole of labile phosphate. 


addition of the MAE. After centrifugation 2 ml. of water and 200 mg. of 
Norit A were added to a 5 ml. aliquot of the protein-free supernatant fluid, 
and the suspension was clarified by centrifugation and filtration (10); IP 
and PP were then determined on small aliquots of the filtrate. A larger 
aliquot of the filtrate, plus 5.3 wmoles of carrier PP, was adjusted to pH 
8.2 and chromatographed through a Dowex 1 CI*column (X-10, 200 to 400 
mesh). The column was first washed with 25 ml«of water and then with 
100 ml. of 0.01 Nn HCl to elute IP. The effluent was collected in four 25 


2 In the text, the phosphates of ATP will be designated as a-, B-, and y- as follows: 


ARP—P—P 
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ml. fractions; most of the IP appeared in the first 25 ml. fraction, while 
the third and fourth fractions were entirely free of radioactivity. The col- 
umn was then eluted with 0.01 n HCl in 0.2 m NaCl and the effluent col- 
lected in 5 ml. fractions; PP, as measured both by radioactivity and by 
determinations of easily hydrolyzable phosphate on aliquots of the eluate, 
appeared sharply in the second, third, and fourth fractions. The specific 
activity of the B- and y-phosphates of the ATP was obtained as follows: 
The Norit residue was washed three times with 10 ml. of water and then 
suspended in 5 ml. of 1 N HCl, maintained for 10 minutes at 100° to hydro- 
lyze the labile phosphate, cooled, and centrifuged, and the supernatant 
fluid was decanted and the specific activity of the IP was determined on an 
aliquot. 

The results of this experiment (Table VI) clearly show that the PP formed 
in the reaction catalyzed by the MAE had a specific activity almost exactly 
one-half that of the IP derived by acid hydrolysis from the B- and y-phos- 
phates of ATP, whereas the specific activity of the IP formed in the activa- 
tion reaction approached that of the y-phosphate in ATP. The values 
found differ markedly from those which would be expected if the PP were 
derived from the two terminal phosphates in ATP (theoretical: IP, 0; PP, 
5420). On the other hand, the data agree closely with the predictions 
from a mechanism requiring that PP formed in the course of the activation 
reaction be derived from the a- and 8-phosphates of ATP (theoretical: IP, 
5420; PP, 2710). The deviations from the theoretical are small and con- 
sistent with the presence of residual LPPase in the enzyme preparation. 

These results were confirmed by a second experiment, essentially identi- 
cal in design to the one just described but different in that ARP*®-P-P was 
used in the reaction and no carrier PP was added before chromatography. 
To determine the specific activity of the phosphates of ATP separately, 
first the specific activity of the labile phosphate was determined as in the 
preceding experiment; second, chromatographically pure ATP was ob- 
tained, and the specific activity (counts per minute per micromole of ATP) 
of the entire molecule, assuming a molar extinction coefficient of 16,000 at 
260 mu, was determined. The specific activity of the a-phosphate was 
then obtained by subtraction of the sum of the values for the B- and y- 
phosphates from the value for the whole molecule. 

The results of this experiment, as shown in Table VII, confirm entirely 
the above conclusion. Again, the values differ markedly from those that 
would be expected if the terminal two phosphates of ATP give rise to PP 
(theoretical: IP, 543; PP, 21); they closely approximate the theoretical 
values (IP, 21; PP, 282) to beexpectedif the PP were derived from the a- and 
B-phosphates of ATP. To indicate the origin of the PP molecule formed 
in the activation reaction, Equation 2 above can therefore be rewritten as 
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follows: 


(4) L-Methionine + ARP*-P*-P an >AMe + P*P* + IP 


Nucleotide Specificity—-As far as is known, only ATP will serve as a nu- 
cleotide source for the synthesis of AMe. The possible participation of 
ADP was investigated with particular care, since the formulation described 
in Equation 4 raises the question whether the ADP moiety of ATP might 
function directly as an adenosine donor or might be involved as interme- 
diate in the activation reaction. 

Both possibilities appear to have been ruled out by the following experi- 
ments: ADP itself is inferior to ATP as a substrate for the formation of 


TaBLe VII 
Origin of Inorganic Pyrophosphate As Studied by Means of ARP*?-P-P 

The complete system contained 30 wmoles of ATP, 25 umoles of L-methionine, 450 
umoles of MgCl:, 225 umoles of Tris-HCl buffer, pH 7.4, 7 umoles of glutathione, and 
1.1 mg. of protein (3.9 units of enzyme) in 1.5 ml. final volume. The specific activity 
of the a-phosphate of ATP was 543 c.p.m. per micromole; those of the 8- and +-phos- 
phates were each 21 ¢c.p.m. per micromole of phosphate. The specific activities 
are corrected for zero time values. 


Incubation time p* PP* 

min | 


* Counts per minute per micromole of phosphate. 


AMe. Furthermore, while AMP was not formed in appreciable amounts 
when ATP was used as a substrate, it was formed in nearly stoichiometric 
amounts with AMe when ADP was used, and this is probably due to the 
presence of residual myokinase in the preparation of MAE used. 

Several experiments were performed with nucleotides labeled isotopically 
in different ways to investigate further the possible role of ADP in the for- 
mation of AMe. In the first experiment (Experiment A, Table VIII) AMe 
was formed enzymatically from a reaction mixture containing ATP labeled 
in the a-phosphate with P® and an approximately equivalent concentration 
of ADP. The PP formed was isolated by chromatography?’ of an aliquot 
of the reaction mixture (after nucleotide removal with Norit A), and its 
specific activity was determined on an aliquot of the eluate. The nucleo- 
tides were separated on Dowex 1 Cl (12), and their specific activities were 


3 No carrier PP was added before chromatography in this experiment. PP deter- 
minations were confirmed with YPPase. 
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determined on appropriate aliquots, assuming a molar extinction coefficient 
of 16,000 at 260 mu. It can be seen that the specific activity of the PP 
compares closely with that of the ATP and not the ADP, thus indicating 
that ATP is the substrate for the MAE. The small increase in the label- 
ing of ADP is probably due to residual ATPase. 


TaBLE VIII 
Non-Participation of ADP in Activation Reaction 
In Experiment A, the reaction mixture contained 40 uzmoles of ATP labeled with 
P2? specifically in the a-phosphate, 40 umoles of ADP, 0.7 mmole of MgCl:, 0.5 mmole 
of Tris-HCl buffer, pH 7.4, 50 umoles of GSH, 60 umoles of t-methionine, and 6.7 mg. 
of protein in a final volume of 6.2 ml. In Experiment B, the reaction mixture con- 
tained 40 umoles of ADP labeled with C’*, 40 umoles of ATP, 0.7 mmole of MgClz, 
0.35 mmole of Tris-HCl buffer, pH 7.4, 50 uymoles of GSH, 60 umoles of t-methionine, 
and 5.6 mg. of protein in a final volume of 6.0 ml. 


Experiment A 
Specific activities, c.p.m. per umole 
Time of incubation 
PP ADP ATP 
Experiment B 
Specific activities, c.p.m. per umole 
Condition 
ADP ATP AMe 
2575 330 
No methionine........... 1650 940 0 


In another similarly designed experiment (Experiment B, Table VIII), 
C-labeled ADP and cold ATP were used; after the nucleotides were sep- 
arated, the specific activity of the AMe formed was found to be considerably 
lower than that of the ADP and approximately equal to the estimated 
mean specific activity of the ATP during the incubation period. This find- 
ing, together with the results of the previous experiment, indicates that 
both the PP formed by the action of the MAE and the adenosine moiety 
of AMe are truly derived from ATP and not from ADP. Conversely, ADP 
cannot be a free intermediate. This has been corroborated in an experi- 
ment with ATP labeled in the a-phosphate with P® in the presence of a 


4 
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pool of cold ADP to trap any ADP formed as a free intermediate; the for- 
mation of AMe did not result in labeling of the ADP pool. 
ITP and UTP did not function as substrates for the MAF. tH 
H,O0" Experiments—The experiments described above suggested that a of 
compound consisting of an ADP moiety linked to methionine, specifically a 
a phosphosulfonium, might be an intermediate in the formation of AMe. DI 
To subject this hypothesis to a rigorous experimental test, the reaction os 
was performed in H.0" to investigate the points of cleavage of the poly- DI 
phosphate chain of ATP. If such an intermediate were indeed formed, it ss 
would be expected that one-seventh of the oxygen atoms in PP would be sa 
derived from the O'8-containing water of the medium, whereas IP would st 
j TaBLeE IX 
O'8 Distribution in IP and PP Isolated from Activation Reaction Containing H,0" be 
In Experiment 1, the reaction mixture contained 375 wmoles of L-methionine, 375 
umoles of ATP, 3.6 mmoles of Tris-HCl buffer, pH 7.4, 1.8 mmoles of MgCl2, 80 umoles h 
of GSH, H0%, and 12 mg. of protein in a final volume of 15 ml. In Experiment 2, of 
the conditions were identical, except for the protein content, which was 19.6 mg. 
Observed atom per cent excess O'8 per atom of oxygen be 
Experiment No. de 
H:0° PP* 
pl 
1 1.40 0.50 0.0 by 
2 1.45 0.32 0.0 | st 
* Analyzed as CO. al 
.. 
retain its 4 oxygen atoms. Experimentally just the opposite result was |  q, 
observed; namely, it was found that the PP moiety retained all of its orig- | py 
inal 7 oxygen atoms, whereas O"8 was incorporated into the orthophosphate |g, 
(Table IX). Clearly then the terminal phosphate separates from the poly- a 
phosphate chain as the PO;~ moiety, and a phosphosulfonium derivative | 4 
of ADP and methionine is not possible; indeed, this experiment also rules _s, 
out the possible formation of other compounds of ADP and methionine 
such as the acylphosphate or the phosphoamide. ay 
Reversibility Experiments—The possibility that either the over-all re-  — tg 
action or one of the partial reactions might be reversible was investigated | A 
isotopically under a variety of conditions by using in separate experiments  =—s_ gj 
Pp, P-labeled PP, C'-adenosine, and §**-AMe, and measuring the incor- ef 


poration of the isotopes into ATP and methionine, respectively. All such a 
experiments failed to demonstrate any exchange reactions attributable to 
MAE. | 
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DISCUSSION 


The results presented above are of interest from two points of view. In 
the first place, they reveal an entirely new mechanism for the utilization 
of ATP in biological systems. Heretofore ATP has been known to act (a) 
as a phosphate donor with the concomitant formation of ADP, (b) as a pyro- 
phosphate donor with the concomitant formation of AMP, and (c) as an 
adenylate donor with the resultant mineralization of its terminal pyrophos- 
phate moiety. While the intimate mechanism of the reaction studied here 
is not yet fully understood, it is clear that this reaction cannot be grouped 
in any of the three categories above, and furthermore it is the first demon- 
stration of the fact that ATP functions as an adenosine donor. The find- 
ing that PP can be formed from the a- and 8-phosphates of ATP is novel 
and indicates that the ribose phosphate bond in ATP is not as inert as had 
been thought until now. 

Because of the complexity of the reaction described in Equation 1, it 
had been expected that it might be possible to gain an insight into it by 
attempts at resolving the crude MAE into two or more fractions. These 
expectations were borne out only in part. The MAE has been purified 
between 60- and 90-fold, and the participation of LPPase has been clearly 
demonstrated. However, attempts at further resolution of the MAE 
proper have been negative. Moreover, attempts to find an intermediate 
by chromatographing reaction mixtures prepared from radioactive sub- 
strates have failed. 

Recently Hoagland et al. (13) and Berg (14) have discovered in rat liver 
and in yeast the existence of an amino acid-dependent PP-ATP exchange 
reaction. The general characteristics of this system and in particular the 
accumulation of aminoacylhydroxamic acids and PP in the presence of 
hydroxylamine indicate that probably carboxyl activation of the amino 
acid is involved, with the formation of an acyl-AMP intermediate. The 
activation system from rat liver has been separated into a number of differ- 
ent protein fractions differing only by the amino acid specificity, and it | 
has been reported that one fraction is specific for L-methionine (13). 

It is noteworthy that the purified MAF did not catalyze a methionine- 
activated PP-ATP exchange reaction. Moreover, a liver fraction con- 
taining the amino acid-activating system was inactive in the synthesis of 
AMe.‘ Finally, hydroxylamine appears to be inert in the MAE system, 
since the addition of the salt-free base to the reaction mixture was without 
effect on the formation of AMe and did not result in the accumulation of 
“hydroxamic acids.” It is clear therefore that there are two enzymatic 
reactions involving methionine and ATP. Although the two methionine- 


‘Kindly supplied by Dr. M. B. Hoagland. 
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activating systems exhibit some common features, namely the requirement 
for ATP and the formation of PP in the course of the activation reaction, 
they differ in every other respect; namely, in the apparent biological pur. 
pose of the activation (transmethylation versus protein synthesis) and in 
some of the products (AMe versus AMP-methionine), in the origin of the 
PP formed (a- and B-phosphates versus B- and y-phosphates of ATP) and 
presumably also in the molecular mechanism of the activation. 

In order to arrive at a satisfactory formulation of the mechanism of the 
reaction catalyzed by MAE, it is necessary to consider the following obser- 
vations: (a) the results of experiments on the origin of the PP and IP formed 
in the reaction, (b) the results of the O'8 experiments, (c) the results of ex- 
periments indicating the lack of participation of ADP, (d) the lack of re. 
versibility as measured by various exchanges, and finally (e) the finding 
that hydroxylamine is without effect in this system. 

As must be apparent, the only mechanisms that can be proposed at the 
present time are hypothetical ones, since attempts to define a reaction 
mechanism that could be substantiated experimentally have not yielded 
positive results. 

One possible formulation would require an intramolecular migration of 
the terminal phosphate of ATP to form a modified adenosine triphosphate. 
Positions 2 and3-in the ribose or the amino group of the adenosine moiety 
come to mind as possible sites for this migration. It is easy to visualize 
how this modified ATP could then react with methionine to form AMe, 
PP, and IP, and to satisfy the requirements listed above. Alternatively, 
the intermediate formation of an adenine ‘‘cyclonucleoside” (15), followed 
by nucleophilic attack by methionine to yield AMe, may be entertained. 
It should be pointed out, however, that both of these formulations are 
hypothetical, and only future work will reveal whether either one of these 
speculations has any factual validity. 


Other Preparations 


Labeled PP was prepared by heating P®*-labeled NaH2PO, to 210° for : 


12 hours. 
Labeled ATP was prepared by incubating aerobically 10 umoles of AMP 


(or AMP*) and 25 umoles of P*-labeled IP (or IP) with rat liver mitochon- ~ 
dria in the presence of Tris buffer, Mg++, catalytic amounts of ATP and — 
cytochrome c, and substrate amounts of a-ketoglutarate. After deprotein- _ 
ization, AMP, ADP, and ATP were separated chromatographically on a — 


Dowex 1 Cl column (12) and precipitated at pH 8.0 as the barium salts. 
For the preparation of AMP, ATP labeled with P® in all three phos- 


phates® was incubated with highly purified potato apyrase in the presence é 


5 Obtained from the Schwarz Laboratories, Inc. 
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of magnesium. At the end of the incubation, the IP formed was removed 
by addition of magnesia mixture (16), and the AMP precipitated almost 
quantitatively at pH 5.5 by addition of ZnCl, (17). The precipitate was 
dissolved in 0.5 m NH,OH and reprecipitated as the barium salt after chro- 
matography through a Dowex 1 Cl column. 

ADP labeled with C™ in the adenosine moiety was prepared from C"- 
AMP and ATP by incubation with myokinase, followed by chromatog- 
raphy on a Dowex 1 Cl column and precipitation as the barium salt. 

Prior to use, all barium salts were decomposed in the usual way with 


SUMMARY 


1. The methionine-activating enzyme has been partially purified from 
rabbit liver and the mechanism of the activation reaction studied. 

2. It has been found that, in addition to S-adenosylmethionine, pyro- 
phosphate and orthophosphate are formed in stoichiometric amounts. 

3. The origin of the pyrophosphate and the site of cleavage of the poly- 
phosphate chain of ATP have been studied by means of the isotopic tracer 
technique. It has been established that (a) the pyrophosphate is derived 
from the a- and 8-phosphates of ATP and retains all of its original 7 oxygen 
atoms; (b) the orthophosphate is derived from the terminal phosphate of 
ATP and acquires 1 oxygen atom from the medium. 

4. The significance of these findings to the mechanism of the activation 
reaction has been discussed. 


The authors are greatly indebted to Dr. George Drysdale of Washington 
University, St. Louis, Missouri, for his very generous cooperation in per- 
forming the analyses of the O' experiments. They also want to express 
their thanks to Dr. Michael Yarmolinsky for his help in some of the ex- 
periments. 
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ACYLATION OF THE ENZYMATIC SITE OF 6-CHYMOTRYPSIN 
BY ESTERS, ACID ANHYDRIDES, AND ACID CHLORIDES 
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(From the Department of Biochemistry, University of Washington, 
Seattle, Washington) 


(Received for publication, September 24, 1956) 


The proteolytic enzymes, chymotrypsin and trypsin, catalyze the hy- 
drolysis of peptide, amide, ester, and other substrates which have specific 
configurations characteristic for each enzyme (1). In addition, both of 
these enzymes react stoichiometrically with a group of compounds whose 
structure is unrelated to their specific substrates; examples include organo- 
phosphorus compounds (2) such as diisopropyl phosphofluoridate and the 
ester p-nitrophenyl! acetate (3),! yielding under certain conditions stable 
DIP and, in the case of chymotrypsin, monoacetyl] enzyme (4, 5).2 While 
at a lower pH (pH 5 to 6) the acetyl group is stable in aqueous solutions, 
though reactive to hydroxylamine, at a higher pH (pH 7 to 8) hydrolysis 
occurs, yielding acetate and free enzyme. Quantitative methods have 
been developed in this laboratory to study separately the acylation and 
deacylation reactions; measurements of the acylation reaction are based 
on the rapid spectrophotometric determination of the liberation of p-nitro- 
phenol at 330 my; deacylation has been measured by an adaptation of the 
esterase technique, with use of the ‘‘auto-titrator” of Jacobsen and Léonis 
(6). In the course of these measurements, the question arose as to whether 
NPA was in fact a “‘specific substrate” or was acting merely as an acetylat- 
ing agent. 

The unexpected finding that the same group, reactive toward NPA, 
could also be readily acylated by acid anhydrides and acid chlorides of 
simple structure, in 1:1 stoichiometric quantities, suggests that the phe- 
nomenon is related to the unique reactivity of a group in the enzyme rather 
than to the structure of the acylating agent. This is also brought out by 
the findings that the reactivity of this group cannot be ascribed to the 
properties of any amino acid side chain in isolation, but that it is dependent 
on the structural integrity of the protein molecule as a whole (7). 


'The following abbreviations are used in this paper: NPA, p-nitrophenyl acetate; 
DIP, diisopropylphosphoryl; ATEE, acetyl-L-tyrosine ethyl ester. 

?We have observed that, in addition to chymotrypsin, trypsin reacts in a like 
manner with NPA, but the acyl derivative has not yet been isolated (unpublished 
experiments). 
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EXPERIMENTAL 
Methods 


Spectrophotometric Determination of Liberation of Nitrophenol—Advan- 
tage was taken of the difference in the ultraviolet absorption of NPA and 
free nitrophenol. Since Biggs’s (8) data show that at pH 5 to 6 undissoci- 
ated nitrophenol has an absorption maximum at 320 mu, whereas, accord- 
ing to measurements in this laboratory, NPA, within the same pH range, 
has a maximum at approximately 270 my, a wave length was chosen at 
which the difference between the two extinctions was maximal. It was 
found that at 330 my the contribution of NPA to the absorption was negli- 
gibly small. The experimental method, to be described in detail in another 


Bog 
A 
203: 
S 02: 
$ —¢ 
0 50 100 


Seconds 


Fig. 1. Liberation of p-nitrophenol by reaction of 6-chymotrypsin and its acyl 
derivatives with NPA. The reaction mixture was 3.05 ml. of 0.1 m sodium citrate 
buffer, pH 5.5, containing 0.82 umole of NPA per ml. 0.1 ml. of enzyme solution was 
added by means of a plunger type rapid mixer. The temperature was 25°. The 


curves plotted are tracings of continuous recordings made in the Cary spectropho- . 


tometer at 330 my. Curve A, 6-chymotrypsin without prior treatment with acid 
anhydride; Curve B, treated with acetic anhydride; Curve C, treated with n-butyric 
anhydride. 


communication, consisted essentially of recording AE*° in a Cary spectro- 
photometer equipped with a thermostated cell and a rapid mixing device 
which allowed the reaction to be recorded within 2 seconds after the addi- 
tion of the enzyme. A typical absorption curve is shown in Fig. 1. 

Esterase Activity—This was followed by titration at constant pH of the 
hydrogen ions released during the hydrolysis of ATEE (9).' A continuous 
record from early times after mixing of enzyme and substrate was obtained 
in an auto-titrator. All titrations were carried out in a water-jacketed 
cell at constant temperature. 

Protein concentrations were determined spectrophotometrically at 280 
my by using Exe, = 20.0 to relate extinction to protein concentration.’ 


$ Unpublished determinations by Dr. P. k. Wilcox. 
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Materials 
5-Chymotrypsin was prepared by rapid activation of a nine times recrys- 
tallized preparation of chymotrypsinogen, as previously described (10). 
After activation, the solution of 6-chymotrypsin was adjusted to pH 3, 
dialyzed against 0.001 Nn HCl, and lyophilized. The product was homo- 
geneous when subjected to prolonged electrophoresis at pH 4.98 and had 
the mobility characteristic of 6-chymotrypsin (10). Acetyl-é-chymotryp- 


TABLE | 


Extent of Acylation of Group in 56-Chymotrypsin, Which Normally Reacts with NPA, 
by Various Anhydrides and Acid Chlorides 


1.0 ml. of a 3.34 per cent solution of 6-chymotrypsin in 1.0 Mm sodium acetate, pH 
5.0, was cooled to 0°; a 2-fold molar excess of the appropriate acid anhydride or acid 
chloride was then added in 10 ul. of anhydrous ethyl ether, and the mixture was 
incubated at 0° for 8* hours. The extent of acylation was determined as described 
in Fig. 1. 


Acylating agent Acylation 
Exe per cent 
None 0.325 0 
Acetic anhydride 0.100 68.0 
n-Propionic anhydride 0.035 89.2 
n-Butyric anhydride 0.030 90.8 
n-Valeric 0.000 100.0 
n-Hexanoic ‘‘ 0.100 68.0 
n-Heptanoic ‘“ 0.200 37.4 
Benzoyl chloride 0.110 75.4 
Phenylacety] chloride 0.080 66.2 


* The reaction was essentially complete in 1 hour with the lower anhydrides, but 

the longer time was allowed to enable the sparingly soluble, higher aliphatic an- 
hydrides and aromatic acid chlorides to react fully. 


sin was prepared as described by Balls and Wood (5). Complete acetyla- 
tion of the reactive group was ascertained both by reaction with hydrox- 
ylamine and by spectrophotometric methods. 

NPA was prepared by the reaction of acetic anhydride with p-nitro- 
phenol, as described by Hartley and Kilby (3). The anhydrides of acetic, 
propionic, n-butyric, n-valeric, n-hexanoic, and n-heptanoic acids, as well 
as the acid chlorides of phenylacetic and benzoic acids, were Eastman 
products and were used without further purification. ATEE was prepared 
as previously described (9). 

Method—To 1 ml. of a 4 per cent solution of 6-chymotrypsin in 1.0 M 
sodium acetate, pH 5.0, cooled at 0°, were added 10 ul. of anhydrous ethyl 
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ether containing a 2-fold molar excess of the appropriate acid anhydride 
or acid chloride. The reaction was allowed to proceed for 8 hours. The 
extent of acylation was determined spectrophotometrically, as described 
above, at 25°, pH 5.5. The results are given in Table I. The per cent 
of acylation of the specific reactive group was determined from the max- 
imal amount of p-nitrophenol liberated, as shown in Fig. 1. It will be 
seen that all acylating agents employed in this study were effective, to 
varying extents. The differences in maximal acylation may be ascribed 
to spontaneous hydrolysis of the anhydrides prior to reaction, as well as 
to rate factors related to solubility or structural factors which remain to 
be elucidated. ae 

Rates of Acetylation—Although it has been stated that the acetylation 
of a-chymotrypsin by NPA follows first order kinetics (11), it is important 
to point out that, in fact, the order of reaction depends markedly on the 
ratio of enzyme to acetylating agent. ‘This is borne out by the data of 
Fig. 2, which were obtained at 10° in 0.2 m sodium citrate-citric acid buf- 
fer, pH 5.5. The progress of the reaction was measured spectrophotomet- 
rically as described in Fig. 1. In these and other experiments not recorded 
in Fig. 2, it was found that, when the initial concentration of NPA did not 
exceed stoichiometric equivalence with enzyme, the experimental points 
followed second order kinetics up to 85 per cent of the reaction and the 
second order constant was independent of the ratio of the reactants. How- 
ever, when NPA was in excess (NPA: 6-chymotrypsin mole ratios of 4 to 
10), deviations from second order kinetics became apparent and the cal- 
culated rate constants decreased as the concentration of NPA increased. | 
While this behavior might still be consistent with a reaction mechanism [| _— . 
of the Michaelis-Menten type, the present experiments focus attention [| | 
on the fact that a single order of reaction cannot adequately describe the | 
rate of acetylation over the entire concentration range of acetylating agent. | 

The variation of the rate of acetylation with pH can be adequately de- 
scribed on the assumption that only the unionized form of a single ionizing 
group on the enzyme is involved in the reaction. This is shown in Fig. 3, 
in which the data are plotted according to the following equation (11): 


= Ks 
K; + (H?*) 


(1) 


v’ 


Where v’ is the apparent (experimentally measured) initial velocity, v the 
initial velocity at (H+) = 0, and K;, the ionization constant of the group 
involved. When, as shown in Fig. 3, 1/v’ was plotted against (H+), the ~ 
experimental points followed closely a straight line from which K; was | 
calculated as 6.0 * 10-’, and v, per mole of enzyme, as 0.07 sec.! at 3°. sit 
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Deacylation of 6-Chymotrypsin 


Method—The hydrolytic deacylation of acyl-6-chymotrypsin can be sat- 
isfactorily described by the following equation, in which Ac-Ch denotes 


ly 
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Fic. 2. The liberation of p-nitrophenol during the acetylation of 5-chymotrypsin 
by NPA, plotted according to bimolecular reaction kinetics. 45-Chymotrypsin con- 
centration = 7.94 K 10-5 m. The ratio of NPA to chymotrypsin was, for Curves 1 
to 4, respectively, 0.435, 0.798, 3.99, and 7.97. The extent of the reaction at the times 
indicated by the small arrows was, for Curves 1 to 4, as follows: 83, 85, 79, and 80 per 
cent. Measurements were made at 10° in a 0.2 m sodium citrate-citric acid buffer, 
pH 5.5. The calculated bimolecular rate constants, k2, were, for Curves 1 to 4, re- 
spectively, 82.6, 78.3, 48.6, and 35.81 K moles“! X sec.~!. 

Fic. 3. A, a plot of Ht concentration against the reciprocal of the zero order rate 
constants (k3), being expressed in moles of ATEE hydrolyzed per liter per minute 
per mg. 6-Chymotrypsin N per ml., for the hydrolysis of ATEE by 6-chymotrypsin 
(X); and the reciprocal first order rate constants for the deacetylation of acetyl-é- 
chymotrypsin (in sec.~!) (O) measured as described in Fig. 4. B, a plot of Ht 
concentration against the reciprocal of the initial velocity of acetylation of 5-chy- 
motrypsin by NPA (measured as p-nitrophenol liberated as in Fig. 1). The tem- 
perature was 3.0°; NPA concentration 3.18 X 10-‘m, 6-chymotrypsin concentration 
4.10 X 10-5 Mm. 


acyl chymotrypsin, Ac~ the acyl ion, and Ch active chymotrypsin: 
Ac-Ch + H.O — Ac~ + Ch + Ht (2) 


Since acyl chymotrypsin is inactive toward the substrate ATEE, the rate 
of deacylation can be followed by measuring the increase in the rate of 
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hydrolysis of ATEE when acyl chymotrypsin is incubated with this sub- 
strate. A typical progress curve of the rate of deacylation of acetyl-é- 
chymotrypsin is shown in Fig. 4. Control experiments have demonstrated 
that under the present conditions the hydrolysis of ATEE by active chymo- 
trypsin follows zero order kinetics from 0 to 75 per cent hydrolysis. The 
deviation from zero order kinetics observed in the early phase of the reac- 
tion between acyl chymotrypsin and ATEE (see Fig. 4) could be satis- 
factorily described by first order kinetics and was interpreted as indicative 
of the rates of deacylation of the acyl enzyme. For calculations of first 
order constants, a time axis was constructed which was parallel to the 


10; 
5 1’2 3 4 
Minutes Minutes 


Fic. 4. Measurements of the rate of deacetylation of acetyl-é-chymotrypsin as f 
determined by the rate of hydrolysis of ATEE by the free enzyme at 25°. These are 
tracings of recordings made in the auto-titrator of base uptake at constant pH, asa 
function of time. The first order rate constant for the deacetylation was measured 
by the graphical method illustrated in the inset (see also the text). 5.0ml.of ATEE | 
substrate solution (9) and 0.05 ml. of a 3.62 per cent solution of acetyl-5-chymotryp- 
sin were used. 


zero order plot and passed through the origin of the progress curve on the 
initial time axis. Perpendicular chords were then drawn to the new time 
axis at points conjugate to the original time axis. The quantities a and zr 
in the equation for first order kinetics were determined graphically, as t 
shown in Fig. 4. It should be noted that the progress curve for the de- i 
acylation of acyl-chymotrypsin is in fact kinetically identical with the pre- 
steady state phase described by Gutfreund (12). 

Rates of Deacylation of Acetyl-6-chymotrypsin and Its Homologues—By 
using the method just described, the rates of deacylation of the various 
acyl-6-chymotrypsins were determined. The results are given in Table II. 
The rates of deacylation of the higher aliphatic derivatives and of the 
aromatic derivatives (benzoyl and phenylacetyl) were too fast to be deter- 
mined under the present experimental conditions. 

pH-Dependence of Deacetylation—The rates of deacetylation were deter- 
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mined by measuring the catalytic activity toward ATEE of the free enzyme 
formed during deacetylation. With the aid of the auto-titrator, it has 
been possible to carry out these reactions at various preset pH values. 
These measurements were carried out at 25° and are shown in Fig. 3, in 
which the data are plotted according to Equation 1. It was found that 
the experimental points followed closely the relation calculated for the 


II 


First Order Rate Constants for Deacylation of Various Acyl-é-chymotrypsins at pH 
7.0, 25°, Measured As Described in Fig. 4 


Acy] derivative ki X 108 
-25 
= > 
S 
-2.0- -+0.5 
~ 
10 


0.0033 0.0034 0.0035 
You 
Fic. 5. The temperature dependence of the first order rate constant of deacetyla- 
tion of acetyl-é-chymotrypsin at pH 7.0 (O) and that of the zero order rate constant 
for hydrolysis of ATEE, also at pH 7.0 (X). 


dissociation of a single group having a K; of 1.1 X 10-7. Plotted on the 
same graph are the reciprocal zero order constants for the hydrolysis of 
ATEE by active chymotrypsin at various hydrogen ion concentrations. 
These points, in turn, follow closely the relation for the dissociation of a 
single group having a K,; of 1.5 X 10-7. The close agreement between 
these two K, values is highly suggestive that the same ionizing group is 
involved in each case, as described in Equation 3, in which only the species 
Ac-Ch is catalytically active: 


Ac-Ch-Ht+ = Ac-Ch + Ht (3) 
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Temperature Dependence of Deacetylation—The effect of temperature 
on the deacetylation of acetyl-6-chymotrypsin was followed at pH 7.0, as 
described above, at temperatures ranging from 10.3-35°. The data are 
given as Arrhenius plots in Fig. 5, together with analogous measurements 
of the effect of temperature on the zero order rate constant for the hydroly- 
sis of ATEE by 6-chymotrypsin. From these data, the Arrhenius activa- 
tion energy was calculated and found to be AE = 18.5 kilocalories per mole 
for the deacetylation reaction, and AK = 15.2 kilocalories per mole for 
ester hydrolysis.‘ 


DISCUSSION 


Two lines of evidence indicate that the reaction of 6-chymotrypsin with 
the acid anhydrides and acid chlorides employed in this study leads to the 
acylation of a catalytically reactive site in this enzyme: (1) After reaction 
with the acylating agent, the enzyme is no longer capable of being acety- : 
lated by NPA; (2) if chymotrypsin is acylated by NPA or by the present 
acid anhydrides or acid chlorides, the catalytic activity toward the specific | 
substrate ATEE is abolished, but gradually reappears as the acyl group | 
is spontaneously removed by hydrolysis. It should be noted that the acyl : 
derivatives described in this work, like that of Balls and coworkers (4, 5), 
are totally different from those obtained in studies designed to acylate all : 
of the reactive amino groups in the molecule. In the latter studies (14, | 
15), a large excess of the acylating agent was used, whereas the quantities | 
involved in the present work were such as to introduce not more than one : 
acyl group into the enzyme molecule. Moreover, in experiments aimed | 
at complete acylation of the protein, an initial pH was chosen at which | 
the reactive amino groups are largely in the undissociated form (pH 8 or 
higher), whereas in the present studies a lower pH (pH 5) was maintained : 
at all times. While the possibility is not precluded that acylation by an : 
excess of anhydride also causes substitution of the catalytically reactive , 
group, this would not be demonstrated unless careful attention was paid | 
to pH, since it is a characteristic property of the enzymatically reactive | 
group that acylation can be readily reversed at alkaline pH. A profound 
effect of extensive acylation of chymotrypsin or trypsin on enzymatic ac- 0 
tivity has not been previously demonstrated, since the early phase of the 0 
esterase reaction was not investigated. : 0 


The reactivities of the various acylating agents used in this study are 
rather similar. However, the rates of deacylation vary with the nature of 
the substituent, the aromatic derivatives being deacylated faster than the 


‘No corrections for changes in concentration of an ionized species, having a K; of 
1.1 to 1.5 X 1077 at 25°, with temperature have been applied to the AE values (13), 
since the same group is presumably involved in each of these two reactions. 
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aliphatic ones, probably because of their structural similarity to intermedi- 
ates formed in the reaction of chymotrypsin with specific substrates. 

Studies of the pH-dependence of deacylation and of the hydrolysis of 
specific ester substrates (ATEE) have shown that hydrogen ions affect 
both in the same manner (see Fig. 3). In both cases the pH-dependence 
can be described by the dissociation curve of a single group having a K;,, 
at 25°, of 1.1 K 10-7 for deacylation and 1.5 & 10-7 for ester hydrolysis. 
The latter value compares favorably with that of 1.4 X 10-7 reported by 
Hammond and Gutfreund (16), whereas the value of 0.52 & 107’, recently 
reported by Gutfreund and Sturtevant (11) for the deacetylation of a-chy- 
motrypsin, is significantly lower. This may be ascribed to the presence 
of 20 per cent isopropanol in the reaction mixture employed by these au- 
thors, which, in turn, either may have an undetermined effect on the dis- 
sociation of the group involved or may participate in a transfer reaction 
of the acetyl group from the enzyme to the alcohol (5). The present find- 
ings support the view, therefore, that the same reactive group is involved 
in the deacylation of chymotrypsin as in enzymatic ester hydrolysis. How- 
ever, the group involved in acetylation must be of a different nature since 
the corresponding dissociation constant is significantly higher, 7.e. 6.0 X 
10-7. The failure of Gutfreund and Sturtevant (11) to observe any sig- 
nificant variation of the rate of this step with pH must be ascribed to the 
fact that their measurements were confined to the higher extreme of the 
ionization range of the group involved.’ While other evidence indicates 
that imidazole is not the group which is being acetylated in a stoichiometric 
fashion (see below), an ionization constant in this range would be compati- 
ble with the catalytic involvement of an unionized imidazoly] residue in 
the acetylation reaction. While it is likely that serine is the receptor of 
the acyl group (see below), the difference in ionization constants for acetyla- 
tion and deacetylation, respectively, suggests two alternative interpreta- 
tions: (1) the two ionizing groups are different; or (2) the same group is 
involved in both processes but the acylation of serine so modifies the group 
as to decrease its ionization tendency. 

No direct experimental evidence is as yet available to identify the nature 
of the group which is being acylated by these reagents. Neither an imi- 
dazolyl nor any other ionizable group seems to be substituted in a stoichi- 
ometric fashion, as indicated by the following considerations: (1) No spec- 
tral characteristics of acetylimidazole are found during acetylation of 
chymotrypsin by NPA (7); (2) no hydrogen ions are released or absorbed 
during the acetylation of chymotrypsin by NPA, as indicated by inde- 
pendent measurements of Balls and Wood (5), Gutfreund and Sturtevant 


’ These authors have since reported (17) that the acetylation reaction is, in fact, 
pH-dependent and quote the K;, of the group involved as 2 X 107’. 
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(11), and by the present authors. Since DIP-serine peptides have been 
isolated from hydrolysates of DIP-chymotrypsin (18, 19) and DIP-tryp- 
sin (20, 21), the involvement of serine in the phosphorylation reaction 
and, by analogy, in the acylation reaction, seems indicated. However, 
the properties of this serine residue must be different from that in simple 
seryl peptides, since its reactivity toward phosphorylating or acylating 
agents is much enhanced and is dependent on the structural integrity of 
the entire protein molecule. Thus, the reactivity of the acetyl group in 
acetyl chymotrypsin toward hydroxylamine, with the formation of acety]- 
hydroxamic acid, is abolished by denaturation of the protein by 8 Mo urea. 
However, the acetyl group is retained on the protein and, when the dena- 
turation is reversed by dilution of the urea, it becomes again fully reac- 
tive (7). Further work is now in progress to determine the unique struc- 
tural properties of that portion of the enzyme molecule which is involved 
in acylation and phosphorylation reactions. 


This work has been supported in part by contract No. Nonr-477-04 
between the University of Washington and the Office of Naval Research, 
Department of the Navy, and by research grant No. C2286 of the United 
States Public Health Service. 


SUMMARY 


Reaction of 6-chymotrypsin with a series of homologouseracid anhydrides 
and acid chlorides at pH 5 results in the acylation of a single catalytically 
reactive group in the enzyme molecule. The extent of acylation and the 
subsequent deacylation at a higher pH have been followed by quantitative 
spectrophotometric and titrimetric methods. The effects of pH and tem- 
perature on deacylation of these acyl enzymes have been investigated and 
interpreted in terms of simple stoichiometric reaction kinetics. The im- 
plications of these findings for the mechanism of enzymatic hydrolysis 
have been discussed. 
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THE ESSENTIALITY OF THE DISULFIDE LINKAGES 
IN TRYPSIN* 


By IRVIN E. LIENER 


(From the Department of Agricultural Biochemistry, University of Minnesota, 
St. Paul, Minnesota) 


(Received for publication, May 14, 1956) 


The participation of disulfide linkages in the activity of trypsin was 
first implied from the observation of Grob (1, 2) that high concentrations 
of oxidizing or reducing agents inhibit the proteolytic action of trypsin. 
Peters and Wakelin (8) likewise found that large excesses of thiol com- 
pounds inhibited trypsin and reported that about 10 per cent of all the 
sulfur-containing groups of trypsin were converted to —SH groups by 
treatment with mercaptoethanol. Contrary to these findings, Fraenkel- 
Conrat et al. (4) found that the activity of trypsin was unaffected by con- 
centrations of mercaptoethanol, which reduced about one-half of its di- 
sulfide linkages. 

It was reported previously (5, 6) that trypsin retains its enzymatic ac- 
tivity in 8 M urea but is rapidly inactivated therein by low concentrations 
of cysteine, which, in the absence of urea, do not affect the activity of 
trypsin. It has since been pointed out, however, that urea-treated trypsin 
is actually in an unfolded (‘“‘denatured’’), inactive form, which reverts to 
its original folded (‘‘native’’), active configuration when the trypsin-urea 
system is assayed by dilution with substrate solution which does not con- 
tain urea (7,8). In this paper, data will be presented to show the essential 
role which the disulfide linkages play in the reversible denaturation of 
trypsin by urea. 


EXPERIMENTAL 


The trypsin used in most of these experiments was a crystalline product 
generously provided by Dr. Gustav J. Martin of The National Drug Com- 
.pany, Philadelphia, Pennsylvania. Essentially the same results were ob- 
tained with a twice crystallized product containing 50 per cent MgSO, 
purchased from the Worthington Biochemical Corporation, Freehold, New 
Jersey. 

Proteolytic activity was determined by adding 3 ml. of 2 per cent 
casein (Hammarsten quality) in 0.05 m borate buffer, pH 7.6, to 2 ml. of 
the enzyme solution prepared in the borate buffer with or without 8 m 


* Paper No. 3541, Scientific Journal Series, Minnesota Agricultural Experiment 
Station, University of Minnesota, St. Paul, Minnesota. 
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urea. After incubation at 37° for 10 minutes, the mixture was deprotein- 
ized with 5 ml. of 3 per cent trichloroacetic acid, and the absorbance of the 
filtrate was measured at 280 my (5). Suitable corrections were applied 
from blanks in which the enzyme solution was added after the trichloroacetic 
acid. The conditions of this assay are such that the inactive form of tryp- 
sin, as it exists in urea solution,! regains its activity when diluted with the 
casein substrate. 

Trypsin was “‘reduced” by adding 1 ml. of 2 per cent mercaptoethanol 
(MCE) to 10 ml. of a 0.5 per cent solution of trypsin in 0.05 m borate 
buffer, pH 7.6, containing 8 mM urea. After 2 hours at room temperature, 
the excess MCE was removed by precipitating the protein with 8 volumes 
of cold ethanol and centrifuging and washing the precipitated protein at 
least three times with 6 volumes of cold ethanol.?, The protein was finally 
washed with chilled diethyl ether (peroxide-free) and allowed to stand 
overnight in a desiccator containing POs. All the preceding steps may 
be conveniently conducted in a 100 ml. conical centrifuge tube. 

For the determination of —SH groups, the dried protein remaining in 
the tube was dissolved as completely as possible in 40 ml. of 1 per cent 
sodium dodecyl] sulfate (SDS)* solution. Any undissolved material was 
removed by centrifugation, and the clear supernatant liquid was analyzed 
for —SH groups by reaction with p-chloromercuribenzoate (PCMB) ac- 
cording to the spectrophotometric method of Boyer (9). To various vol- 
umes of the protein-detergent solution, diluted to 4 ml. with 1 per cent 
SDS, were added 1 ml. of 0.5 m acetate buffer, pH 4.6, and 1 ml. of 2.36 x 
10-*m PCMB. A similar series of tubes in which the PCMB solution was 
replaced by distilled water was also prepared. Absorbance readings were 

*made at 255 my by using a model DU Beckman spectrophotometer; max- 

imal constant readings were obtained only after 6 hours standing. The 
protein content of the trypsin-detergent solution was calculated by multi- 
plying the N value, determined by the method of Lanni et al. (10), by a 
factor of 6.7 (11). A molecular weight of 24,000 (11) was used in express- 
ing the protein concentration on a molar basis. 

In experiments designed to measure the release of —-SH groups in rela- 
tion to the loss in tryptic activity produced by MCE, the following pro- 
cedure was adopted. 1 ml. aliquots of 0.6 per cent solution of trypsin in 


1 Urea-treated trypsin is inactive when tested with a-N-toluenesulfonylarginine 
methyl ester (7, 8) or a-N-benzoylarginine methyl ester (unpublished data of the 
present author) prepared in buffered 8 mM urea solution to avoid dilution of the urea. 

2 Attempts to remove MCE by dialysis against distilled water led to the forma- 
tion of an insoluble precipitate which could not be redissolved in urea or detergent. 
Dialysis against urea directly led to extensive oxidation of the sulfhydryl group of 
the protein. 

* Prepared from Duponol C by crystallization from absolute ethanol twice. 
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0.05 m borate buffer, pH 7.6, containing 8 mM urea, were added to a series 
of 15 ml. conical centrifuge tubes containing 0.1 ml. of MCE solution of 


_ appropriate concentration. At appropriate time intervals, activity meas- 


urements were made on 0.1 ml. aliquots which were diluted 100 times with 
the buffered urea solution. To the remainder of the contents in the cen- 
trifuge tube were added 10 ml. of cold ethanol. The precipitated protein 
was washed and dried as described for the preparation of “reduced” tryp- 
sin. The dried protein was dissolved in 3 ml. of 1 per cent SDS, any in- 
soluble residue being removed by centrifugation. 1 ml. aliquots of the 
protein-detergent solution were used for —SH measurements. All ab- 
sorbance increments were found to be well within the region of excess 
PCMB (A absorbance <0.325 (Fig. 2)). | 

The number of —SH groups per mole of partially reduced trypsin was — 
calculated from the following equation: 


A , 
X (—SH) 
Aey 


where Ae’, = the molecular extinction coefficient of partially reduced tryp- 
sin based on A absorbance at 255 mp and N data, Aey = the molecular ex- 
tinction coefficient of fully reduced trypsin (see Fig. 2 and the text), and 
(—SH)totar = the total number of —SH groups per mole of fully reduced 
trypsin (see Fig. 2 and the text). 

Sedimentation analyses were made with a Spinco model E electrically 
driven ultracentrifuge. A comparison was made between a 1 per cent 


‘solution of trypsin in 8 M urea buffered at pH 7.6, to which had been added — 


0.1 volume of 2 per cent MCE, and a similar system in which the MCE 
solution was replaced by water. Each system was allowed to stand at 
room temperature for 2 hours prior to the run, and three photographs were 
taken at hourly intervals during the course of the run. The 829, values 
were calculated in the conventional manner (12) by using an assumed par- 
tial specific volume of 0.73 and data recorded in the literature for the vis- 
cosity (13) and density (14) of urea. 


Results 


Effect of Reducing Agents—A summary of the effect of various reducing 
agents on the proteolytic activity of trypsin in the presence and absence 
of 8 M urea is presented in Table I. Activity losses were uniformly greater 
in those systems containing 8 m urea. The most effective inhibitors of 
urea-treated trypsin were cysteine, glutathione, MCE, Na2S.0,4, Na.SOs, 
and Na.S. 


* The author is indebted to Dr. Walter J. Wolf for conducting these sedimentation 
experiments. 
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A more detailed examination of the effect of MCE on urea-treated tryp- 
sin was made by following the rate of inactivation in relation to the con- 
centration of MCE. The results of this study are summarized by the 
family of curves shown in Fig. 1. It is apparent that the inactivation of 
urea-treated trypsin is dependent on MCE concentration as well as on the 
period of exposure to this reducing agent. From these curves it may be 
readily calculated that 50 per cent inactivation of trypsin occurred when 
the molar ratio of MCE to trypsin ranged from 1.5:1 to 7.5:1 in periods 


TABLE I 


Effect of Various Reducing Agents on Proteolytic Activity of Trypsin 
in Presence or Absence of 8 m Urea 

To 1 ml. solution containing 50 y of trypsin was added 1 ml. of 0.05 m reducing 
agent. Both solutions were prepared either in 0.05 m borate buffer, pH 7.6, or in 
the same buffer containing 8 M urea. Mixtures were held at 37° for 5 minutes, fol- 
lowed by the addition of casein solution for activity measurements as described in 
the text. The figures shown are per cent activities of the corresponding system from 
which the reducing agent was omitted. ; 


Reducing agent No urea 8 mM urea 
92.5 4.6 
Wa ....... 97.6 69.0 


of 135 minutes and 30 minutes, respectively. It is of interest to compare 
these ratios to the 107:1 ratio of reducing agent to enzyme quoted by Grob 
(2) as being necessary for a 50 per cent reduction in the activity of native 
trypsin. These results serve to illustrate the markedly enhanced sensi- 
tivity of trypsin to inactivation by reducing agents in the presence of urea. 

—SH Groups of ‘‘Reduced”’ Trypsin—The reaction of “‘reduced”’ trypsin 
(prepared by the treatment of trypsin with a large excess of MCE in the 
presence of urea) with PCMB is shown in Fig. 2, where the increase in ab- 
sorbance at 255 muy is plotted against protein concentration. The equiva- 
lence point or break of this curve shows that 3.85 &X 10-> mmole of reduced 
trypsin reacts with 2.36 X 10-4 mmole of PCMB, from which it may be 
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: Fic. 1. The effect of MCE concentration on the rate of inactivation of trypsin in 
. the presence of 8M urea. To 1 ml. portions of a 0.2 per cent solution of trypsin in 
. 8 m urea (buffered at pH 7.6 with 0.05 m borate) was added 0.1 ml. of MCE to give . 
final concentrations of 0 (Curve A), 1.3 X 10-4 m (Curve B), 2.6 X 10-4 m (Curve C), 
3.8 X 10-4 m (Curve D), 5.1 X 10-4 m (Curve E), and 6.4 X 10-4 m (Curve F). Mix- 
: tures were allowed to stand at 25°. 0.1 ml. samples were removed periodically and 
diluted 60 times with buffered urea for activity measurements. Activity is ex- 
pressed as the per cent of the activity of system without MCE at zero time. 
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Fic. 2. Increase in absorbance at 255 my from reaction of 2.36 * 10-4 mmole of 
PCMB with trypsin treated with MCE in the presence of urea. See ‘‘Results”’ in 
the text for the details. 
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calculated that there are 6.1 —SH groups per mole of trypsin. The Ag, 
calculated from the slope of the curve in the region of excess PCMB (4 
absorbance <0.325) is 5.1 X 104. That the presence of sulfhydryl groups 
was not the result of protein denaturation per se or the binding or absorp- 
tion of MCE on the protein is deduced from the observations that trypsin 
treated with urea in the absence of MCE or with MCE in the absence of 
urea gave no detectable reaction with PCMB. | 

Release of —SH Groups in Relation to Trypsin Activity—The experimen- 
tal data thus far presented pointed to the presence in trypsin of three di- 
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Fic. 3. Activity and release of —SH groups of urea-treated trypsin versus MCE 
concentration. 1 ml. portions of 0.6 per cent trypsin solution in 8 m urea, buffered 
at pH 7.6 with 0.05 m borate, were treated with 0.1 ml. of MCE to give the final con- 
centrations shown. After 2 hours at 25°, activity and —SH determinations were 
made as described in the text. Activity in the absence of MCE taken as 100 per cent. 


sulfide linkages whose reduction leads to a loss in enzymatic activity. It 
was of interest to ascertain how many intact disulfide linkages were essen- 
tial to the retention of catalytic activity. This information was obtained 
by relating the loss in tryptic activity to the appearance of —SH groups 
as a function of MCE concentration after a fixed period of exposure (2 
hours), or as a function of time at a constant level of MCE (0.012 , final 
concentration). From the curves shown in Figs. 3 and 4, the complete 
disappearance of activity coincided in both instances with the appearance 
of approximately two —SH groups per mole of trypsin. 

Sedimentation Studies—Trypsin-urea solutions in the presence or absence 
of MCE gave sedimentation patterns, each showing a single homogeneous 
peak (Fig. 5). There was, however, a notable difference in the sedimenta- 
tion constants of the two systems. The 582, of the trypsin-MCE system 
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was 0.98 S (S = 10~") compared to a value of 1.58 S for the control lacking 
MCE. Both of these values are considerably lower than the value of 2.5 
S reported for native trypsin (11, 15), a difference which presumably re- 
flects the profound effect produced by urea on the configuration of the 
trypsin molecule. 
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Fic. 4. Activity and release of —SH groups of urea-treated trypsin versus time. 
1 ml. portions of 0.06 per cent trypsin in 8 m urea (buffered at pH 7.6 with 0.05 m 
borate) were treated with 0.1 ml. of 0.13 m MCE at 25°. Tubes corresponding to 
various time intervals after the addition of MCE were analyzed for activity and 
—SH groups as described in the text. Activity at zero time taken as 100 per cent. 

Fia. 5. Sedimentation patterns of urea-treated trypsin in the presence and ab- 
sence of MCE. Series A, 1 per cent trypsin in 8 mM urea (pH 7.6); series B, a similar 
system containing 0.023 m MCE. The pictures were taken from right to left at inter- 
vals of 60 minutes after attaining full speed (59,780 r.p.m.). 


DISCUSSION 


From the data presented here it seems reasonable to assign to trypsin 
at least three disulfide linkages which become amenable to reduction under 
the influence of 8 m urea. The lower sedimentation constant of urea- 
treated trypsin (1.58 S) compared to native trypsin (2.5 S) is consistent 
with other data, reported from this laboratory (6) and elsewhere (7), that 
trypsin in urea exists in an unfolded form characteristic of denatured pro- 
tein.6 Since the unfolded trypsin molecule is stable but inactive (7, 8), 
the activity measurements recorded here reflect the ability of this unfolded 


‘It is conceivable, of course, that the lower sedimentation constant of urea- 
treated trypsin may be due to a fragmentation into smaller units, each possessing 
similar sedimentation characteristics. 
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molecule to regain its folded active configuration when assayed under the 
conditions specified herein. As long as the disulfide linkages of trypsin re- 
main intact, the unfolded molecule retains the capacity to refold to the 
active configuration. Rupture of the —S—S linkages by appropriate 
reducing agents, however, leads to a more extensive unfolding of the mole- 
cule as reflected by a further decrease in the sedimentation constant (0.98 
S). The loss in activity which occurs under the same conditions suggests 
that the molecule has become so distorted that the ordered secondary 
structure essential for activity can no longer be regenerated by simple 
dilution. 

The experimental evidence would further indicate that only one of these 
three disulfide linkages need be split in order to prevent a refolding of urea- 
treated trypsin. The validity of this statement may be challenged on the 
grounds that the observed release of two —SH groups may merely repre- 
sent an average value of molecules possessing none and more than one —SH 
group at the time of measurement. If this were true, however, then the 
enzymatic activity of those molecules whose disulfide linkages were still 
wholly intact would be detectable upon assay. The fact that complete in- 
activation coincided with the release of only two —SH groups indicates 
that each molecule must have had one disulfide linkage reduced and had 
thereby lost its ability to refold. It would appear that this particular S—S 
linkage, which can be more easily reduced than the others, provides a crit- 
ical cross-linkage which is necessary for preserving the catalytic potential 
of the enzyme. 

The above considerations may be summarized by the following relation- 
ships: 


te Ta Te 
where T, is active trypsin in the native folded form, Tg is inactive trypsin 
in a reversibly denatured unfolded form as it exists in urea, and T, repre- 
sents an irreversibly denatured form of the enzyme in which one or more 
of the disulfide linkages have been reduced. ‘The reversibility of step (1) 
obviously depends on the integrity of the disulfide bonds. 


SUMMARY 


In the presence of 8 M urea trypsin was inactivated by concentrations 
of reducing agents which do not affect the activity of trypsin in the absence 
of urea. Trypsin treated with mercaptoethanol (MCE) in the presence of 
urea was found to possess six —SH groups which react with p-chloromer- 
curibenzoate. The activity of urea-treated trypsin could be abolished 
when as few as two of these —SH groups were released by the action of 
MCE. The 82, of trypsin-urea systems in the presence and absence of 
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MCE was 0.98 S and 1.58 S, respectively. It is concluded that the disulfide 
linkages play an important rolé in the reversible denaturation of trypsin. 
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Acetal phospholipide: Rapport, Lerner, 
Alonzo, and Franzl, 859 


Acetate: Oxal-. See Oxalacetate 

Acetylgalactosamine: Formation, enzy- 
matic, Cardini and Leloir, 317 
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hydr-. See Hydroxyphenylhydrac- 
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mechanism, Haynes and Berthet, 


115 
Age: Blood ergothioneine, effect, Mack- 
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Mackenzie and Mackenzie, 651 
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Anthranilic acid: 3-Hydroxy-. See Hy- 
droxyanthranilic acid 
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Mandel, 137 
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biosynthesis, Green and Cohen, 


397 
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Cohen, 387 
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Kozloff, 1 
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Bacteriophage—continued: 

T2rt, -infected Escherichia coli, de- 
oxyribonucleic acid synthesis, V7- 
daver and Kozloff, 335 
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wald, Elliott, Dotsy, Hsia, and Doisy, 
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tion, micro-, Kingsley and Getchell, 
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mann, Maass, Reichard, and Wein- | 


house, 

Proteins, steroid double bond reduc- 
tion, effect, Rongone, Strength, 
Bocklage, and Doisy, 959 
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Shinowara, 63 
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Protein in cerebrospinal fluid, deter- 
mination, Kingsley and Getchell, 

545 

Testosterone, carbon 14-labeled, me- 

tabolites, Slaunwhite and Sandberg, 

427 

Blood platelet(s): Lipoprotein, throm 
boplastic cell component, relation, 
Shinowara, 63 
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Blood serum: Maltase, purification and 
properties, Lieberman and Eto, 
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Non-lipide electrophoretic compo- 
nents, ultracentrifugal studies, Wal- 
lenius, Trautman, Kunkel, and 
Franklin, 
Protein in cerebrospinal fluid, deter- 
mination, Aingsley and Getchell, 
545 
Solids, total, determination, refracto- 
metric, Rubini and Wolf, 869 
Water, determination, refractometric, 
Rubini and Wolf, 
Bone: Organic acids, Lees and Kuyper, 
641 
Butyric acid: 8-Hydroxyiso-. See Hy- 
droxyisobutyrie acid 
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gestion, gastrointestinal, germ-free 
animals, Larner and Gillespie, 279 
Carboxamide: Amino-5-imidazole-. See 
Amino-5-imidazolecarboxamide 
Carboxylase: Oxalacetic. See Oxalace- 
tic carboxylase 
Carboxylic acid: A!-Pyrroline-5-. See 
Pyrroline-5-carboxylic acid 
1,3-Thiazane-4-. See Thiazane-4-car- 
boxylic acid 
Carcinoma: Glycine exchangeability, 
Heinz, 305 
See also Melanin, Tumor 
Cerebrospinal fluid: Blood plasma pro- 
tein determination, Kingsley and 
Getchell, 
— serum protein determination, Kings- 
ley and Getchell, 545 
Chenodeoxycholic acid: Carbon 14-la- 
beled, metabolism, Mahowald, Mat- 
schiner, Hsia, Richter, Doisy, Elliott, 
and Doisy, 781 
Cholic acid: Chenodeoxy-. See Cheno- 
deoxycholic acid 
Deoxy-. See Deoxycholic acid 
Hyodeoxy-. See Hyodeoxycholie acid 
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Chymotrypsin: 6-, acylation, site, en- 
zymatic, Dizon and Neurath, 1049 
Diisopropylphosphoryl. See Diiso- 
propylphosphoryl chymotrypsin 
Coenzyme: A, acyl derivatives, fatty, 
dehydrogenation mechanism, flavo- 
proteins, oxidation-reductions, rela- 
tion, Beinert and Page, 479 
— thiol esters, 8-hydroxyisobutyric 
acid hydrolysis, enzymatic, Rendina 


and Coon, 523 

— — —, 6-hydroxypropionic acid hy- 
drolysis, enzymatic, Rendina and 
Coon, 523 
Corticoid(s): Determination, micro-, 
4 ,7-diphenyl-1 , 10- phenanthroline 
use, Mazarella, 239 


Corticosterone: Blood plasma, identifi- 
cation and determination, Peterson, 
25 


Cysteine: Homo-. See Homocysteine 


D 


Dehydrogenase(s): Alcohol. See Alco- 
hol dehydrogenase 
8-Hydroxyisobutyric. See Hydroxy- 
isobutyric dehydrogenase 
Polyol, liver mitochondria, Hollmann 
and Touster, 87 
Deoxycholic acid: Carbon 14-labeled, 
metabolism, Mahowald, Matschiner, 
Hsia, Richter, Doisy, Elliott, and 
Doisy, 781 
Deoxyribonucleic acid: Synthesis, Esch- 
erichia coli B, bacteriophage, T2rt, 
infected, Vidaver and Kozloff, 


335 
Deoxysteroid(s): 21-, metabolism, Ros- 
selet, Jailer, and Lieberman, 977 


Diamine oxidase: Monoamines as sub- 
strates of, Fouts, Blanksma, Carbon, 
and Zeller, 1025 

Diazo-5-oxo-1-norleucine: 6-, inositol 


biosynthesis, effect, Levenberg, Mel- 
nick, and Buchanan, 163 
Dihydrothiamine nucleoside(s): Bio- 
synthesis, bacteria, Green and Cohen, 
397 

—, virus, Green and Cohen, 397 


Dopa: 
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Dihydrouracil nucleoside(s): Biosynthe- 


sis, bacteria, Green and Cohen, 


397 
—, virus, Green and Cohen, 397 
Diisopropylphosphoryl chymotrypsin: 


Phosphorus 32-labeled, phosphopep- 
tides, Schaffer, Simet, Harshman, 
Engle, and Drisko, 197 


Dinitrophenol: Melanin-like substance 


formation from’ tyrosine, liver, 
effect, Kamin, Koon, and Handler, 
735 


Diphosphopyridine nucleotide: Reduced, 


Streptococcus faecalis flavin peroxi- 
dase, relation, isolation and proper- 
ties, Dolin, 557 

—-, — — oxidases, relation, Dolin, 
557 


Disulfide(s): Thiols and, interaction, 


Eldjarn and Pihl, 499 
Production, skin, pigmented, 
Foster and Brown, 247 
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Ehrlich: Ascites: cells, constituents, 
labeled, release, Moldave, 709 
Enzyme(s): Acetylgalactosamine forma- 
ation, Cardini and Leloir, 317 
Bacteriophage, tail, Brown and Kozloff, 
1 
5-Chymotrypsin acylation, site, Dizon 
and Neurath, 1049 
Co-. See Coenzyme 
(a-N -Formy])glycinamide ribotide 
conversion to (a-N-formyl)glycina- 
midine ribotide, Melnick and Bu- 


chanan, 157 
Glucuronyl transfer, effect, Fishman 
and Green, 435 


8-Hydroxyisobutyric acid coenzyme A 
thiol esters, hydrolysis, Rendina and 
Coon, 523 

8-Hydroxypropionic acid coenzyme A 
thiol esters, hydrolysis, Rendina and 
Coon, 523 

A‘-3-Ketosteroids, reduction, 7omkins, 

13 
Enzyme(s) : Methionine-activating, 
Cantoni and Durell, 1033 
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Enzyme(s)—continued: 
Nicotinamide mononucleotide synthe- 
sis, Preiss and Handler, 759 
Phenylpyruviec acids, keto-enol tauto- 
merization, effect, Knox and Pitt, 
675 
Polynucleotide synthesis, Brummond, 


Staehelin, and Ochoa, 835 
Tissue culture cells, Lieberman, 883 
L-Xylulose-xylitol. See §Xylulose- 

xylitol enzyme 
Yeast myo-inositol determination, 

Charalampous and Abrahams, 575 


See also Amino acid oxidase, Carbohy- 
drase, etc. 


Ergothioneine: Blood, age, sex, and 
androgen effects, Mackenzie and 
Mackenzie, 651 


Erythrocyte(s): See Blood cell, red 
Escherichia coli: Bacteriophage, T2rt, 
infected, deoxyribonucleic acid syn- 
thesis, Vidaver and Kozloff, 335 
Glutamic acid, A'-pyrroline-5-carbox- 
ylic acid formation, relation, Strecker, 
825 
Ethanolamine: Lysophosphatidal. See 
Lysophosphatidal ethanolamine 
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Fatty acid: Activation, initial step, 
Jencks and Lipmann, 207 
Flavin peroxidase: Streptococcus faecalis, 
diphosphopyridine nucleotide, re- 
duced, relation, isolation and prop- 
erties, Doltn, 557 
Flavoprotein(s): -Catalyzed pyridine 
nucleotide, transfer reactions, Weber 
and Kaplan, 909 
Oxidation-reduction intermediate, 
Beinert, 465 
Oxidation-reductions, coenzyme A, 
acyl derivatives, fatty, dehydro- 
genation mechanism, _ relation, 
Beinert and Page, 479 
Formic acid: Inositol degradation to, 
Charalampous, 585 
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Gastrointestinal tract: Digestion, starch, 
carbohydrases, intestine, germ-free 
animals, Larner and Gillespie, 279 
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Germ: -Free animals, starch digestion, 
gastrointestinal, carbohydrase, in- 
testine, Larner and Gillespie, 


279 

Gluconokinase: Kidney, Leder, 
125 
Glucose: Blood, insulin effect, Duna, 
Friedmann, Maass, Reichard, and 
Weinhouse, 225 
Glucuronyl: Transfer, enzymatic, Fish- 
man and Green, 435 


Glutamic acid: pL-, carbon 14-labeled, 
metabolism, Koeppe, Hill, Wilson, 
and Minthorn, 355 

Escherichia coli, A'-pyrroline-5-car- 
boxylic acid formation, relation, 
Strecker, 825 

Proline and, interconversion, Strecker, 

825 

Glutarate: Keto-. See Ketoglutarate 

Glyceric acid kinase: p-, liver, purifica- 
tion and properties, Ichihara and 
Greenberg, 949 

Glycinamide ribotide: a-N-Formy]l, 
N-formyl) glycinamidine ribotide 
from, enzymatic, Melnick and Bucha- 
nan, 157 

Glycinamidine ribotide: a-N-Formy]l, 
(a-N-formyl)glycinamide __ribotide 
conversion to, enzymatic, Melnick 
and Buchanan, 

157 

Glycine: Exchangeability, carcinoma, 
Heinz, 305 

Glyoxylic acid: Inositol degradation to, 
Charalampous, 585 

Growth: 4-Amino-5-imidazolecarbox- 
amide utilization, Miller, 715 

Guanine: 8-Aza-. See Azaguanine 
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Histone(s): Purified, chromatographi- 

cally, Crampton, Stein, and Moore, 

363 

Hormone:  Adrenocorticotropic. See 
Adrenocorticotropic hormone 

See also Sex 

Horseradish: Peroxidase, oxidation-re- 
duction potentials, Harbury, 

1009 
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Hydrolase: Riboside. See Riboside hy- 

drolase 
Hydroxyanthranilic acid: 3-, carboxyl- 
labeled, metabolism, Hankes and 
Henderson, 349 
Hydroxyisobutyric acid: B-, coenzyme A 
thiol esters, hydrolysis, enzymatic, 
Rendina and Coon, 523 
Hydroxyisobutyric dehydrogenase: £.-, 
purification and properties, Robin- 
son and Coon, 511 
Hydroxyphenylhydracrylic acid: (—)- 
B-m-, urine, Armstrong and Shaw, 
269 


Hydroxyphenylpyruvate oxidase: 
liver, Hager, Gregerman, and Knoz, 
935 
Hydroxypropionic acid: 8-, coenzyme A 
thiol esters, hydrolysis, enzymatic, 
Rendina and Coon, 
523 
Hyodeoxycholic acid: Carbon 14-labeled, 
metabolism, Matschiner, Mahowald, 
Hsia, Doisy, Elliott, and Doisy, 
803 


I 


Inosinic acid: Biosynthesis, aza-L-serine 
effect, Levenberg, Melnick, and Bu- 
chanan, 163 

—, 6-diazo-5-oxo-L-norleucine effect, 
Levenberg, Melnick, and Buchanan, 


163 
Inositol: Biochemistry, Charalampous 
and Abrahams, 575 
Biosynthesis, yeast, Charalampous, 
595 

Formic acid relation, Charalampous, 
585 
Glyoxylic acid relation, Charalampous, 
585 

myo-, Charalampous and Abrahams, 
| 575 


—, yeast, isolation and determination, 
enzymatic, Charalampous and Abra- 
hams, 575 

Insulin: Blood glucose, effect, Dunn, 
Friedmann, Maass, Reichard, and 
Weinhouse, 225 

Ion: Serine-3-phosphate and _ related 


compounds, elimination reactions, 


Ion—continued: 
a,B, effect, Longenecker and Snell, 
409 
Isomerase: Phosphoglucose. See Phos- 
phoglucose isomerase 
Phosphomannose. See Phosphoman- 
nose isomerase 
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Jaundice: Urine bile acid, Mahowald, 
Matschiner, Hsia, Doisy, Elliott, 
and Doisy, 795 

See also Bile, Bile acid 
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Ketoglutarate: a-, oxidation, non-en- 
zymatic, Rackis and Kalnitsky, 
751 
Ketosteroid(s): A‘-3-, reduction, en- 
zymatic, T'omkins, 13 
Kidney: Gluconokinase, Leder, 125 
Kinase: Glucono-. See Gluconokinase 
p-Glyceric acid. See Glyceric acid 


kinase 
L 
Lecithinase: A, phosphatidal choline 
hydrolysis, effect, Rapport and 
Franzl, 851 
Leucine: 6-Diazo-5-oxo-t-nor-. See 


Diazo-5-0xo-L-norleucine 

Levulinic acid: 5-Amino-. See Amino- 
levulinic acid 

Lipide(s): Non-, electrophoretic com- 
ponents, blood serum, ultracentrifu- 
gal studies, Wallenius, Trautman, 
Kunkel, and Franklin, 253 

Lipoprotein(s): Blood cell, red, throm- 
boplastic cell component, relation, 
Shinowara, 63 

— platelet, thromboplastic cell com- 

ponent, relation, Shinowara, 


63 
Liver: Alcohol dehydrogenase, zinc, Val- 
lee and Hoch, 185 


p-Glyceric acid kinase, purification 
and properties, /chthara and Green- 
berg, 949 
p-Hydroxyphenylpyruvate oxidase, 
Hager, Gregerman, and Knoz, 935 
— Melanin-like substance formation 
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Liver—continued: 

from, tyrosine, dinitrophenol effect, 

Kamin, Koon, and Handler, 
735 
Mitochondria, dehydrogenases, polyol, 
Hollmann and Touster, 87 
—, L-xylulose-xylitol enzyme, Holl- 
mann and Touster, 87 
Orotic acid, carbor 14-labeled, radio- 
activity, incorporation into ribonu- 
cleic acid, Herbert, Potter, and Hecht, 


659 
Steroids, glucuronylation, Sie and 
Fishman, 453 


Lymphatic organ(s): Nucleic acid pat- 
terns, tumor-bearing rats, Bresnick 
and Cerecedo, 297 

Lysophosphatidal ethanolamine: 
port, Lerner, Alonzo, and Franazl, 

859 


M 


Malate: Decarboxylation, oxidative, 
Ascaris lumbricoides, Saz and Hub- 
bard, 921 

Malonate: Tobacco leaf culture, effect, 
Vickery and Palmer, 629 

Maltase: Blood serum, purification and 


properties, Lieberman and Eto, 
899 
Melanin: -Like substance formation 


from tyrosine, liver, dinitrophenol 
effect, Kamin, Koon, and Handler, 
735 
See also Carcinoma, Tumor 

Metabolism: Vitamin A function, Wolf, 
Lane, and Johnson, 995 
Methionine: -Activating enzyme, Can- 
toni and Durell, 1033 
Activation, transmethylation, Cantoni 
and Durell, 1033 
Mitochondrion: Liver, dehydrogenases, 

polyol, Hollmann and Touster, 


87 
—, L-xylulose-xylitol enzyme, Holl- 
mann and Touster, 87 


Monoamine(s): Diamine oxidase sub- 
strates, Fouts, Blanksma, Carbon, 
and Zeller, 1025 


INDEX 


N 


Neurospora crassa: Succinate-requiring, 


oxalacetic carboxylase, Strauss, 
535 
Nicotinamide mononucleotide: Syn. 
thesis, enzymatic, Preiss and Hand. 
ler, 759 
Nitrogen: Metabolism, Azotobacter vine- 
landit, Burma and Burris, 723 
Nucleic acid: Deoxyribo-. See Deoxy. 

ribonucleic acid 

Patterns, lymphatic organs, tumor- 
bearing rats, Bresnick and Cerecedo, 


297 
Ribo-. See Ribonucleic acid 
Nucleoside(s): Dihydrothiamine. See 
Dihydrothiamine nucleoside 
Dihydrouracil. See Dihydrouracil 
nucleoside 


Nucleotide(s): Diphosphopyridine. See 
Diphosphopyridine nucleotide 
Metabolism, Herbert, Potter, and Hecht, 
659 
Nicotinamide mono-. See Nicotina- 
mide mononucleotide 
Poly-. See Polynucleotide 


Pyridine. See Pyridine nucleotide 


O 


Organic acid(s): Bone, Lees and Kuyper, 
641 

Tobacco leaves, metabolism, Vickery 
and Palmer, 629 
Orotic acid: Carbon 14-labeled, radio- 
activity, incorporation into ribonu- 
cleic acid, liver, Herbert, Potter, and 
Hecht, 659 
Oxalacetate: Pyruvate oxidation, avo- 
cado cytoplasm, effect, Avron 
(Abramsky) and Biale, 699 
Succinate oxidation, avocado cyto- 


plasm, effect, Avron (Abramsky) 
and Biale, 699 
Oxalacetic carboxylase: Neurospora 
crassa, succinate-requiring mutants, 
Strauss, 535 


Oxidase(s): Amine. See Amine oxidase 
p-Amino acid. See Amino acid oxidase 
Diamine. See Diamine oxidase 
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Oxidase(s)—continued: 
p-Hydroxyphenylpyruvate. See Hy- 
droxyphenylpyruvate oxidase 
Streptococcus faecalis, diphosphopyri- 
dine nucleotide, reduced, relation, 


Dolin, 557 
Pp 

Peptide(s): Phospho-. See Phospho- 
peptide 

Peroxidase: Flavin. See Flavin peroxi- 
dase 

Horseradish, oxidation-reduction po- 

tentials, Harbury, 1009 

Phenol: Dinitro-. See Dinitrophenol 

Phenolic compound(s): Methylation 
and dehydroxylation, DeEds, Booth, 
and Jones, 615 

Phenylpyruvic acid(s): Keto-enol tauto- 
merization, enzymic, Knox and 
Pitt, 675 


Phosphatase: Determination, N-phenyl- 


p-phenylenediamine use, Dryer, 
Tammes, and Routh, 177 

Phosphate: Serine-3-. See Serine-3- 
phosphate 


Phosphatidal choline: Hydrolysis, lec- 


ithinase A_ effect, Rapport and 
Franazl, 851 
Phosphoglucose isomerase: Action 
mechanism, Topper, 419 
Phospholipide(s): Acetal. See Acetal 
phospholipide 
See also Plasmalogen 
Phosphomannose isomerase: Action 
mechanism, Topper, 419 
Phosphopeptide(s): Diisopropylphos- 


phoryl chymotrypsin, phosphorus 
32-labeled, Schaffer, Simet, Harsh- 
man, Engle,and Drisko, 197 
Phosphorus: Determination, N-phenyl- 
p-phenylenediamine use, Dryer, 
Tammes, and Routh, 177 
Phosphorylase: Polynucleotide. See 
Polynucleotide phosphorylase 
Plasmalogen(s): Chemical structure, 


Rapport and Franzl, 851 
Rapport, Lerner, Alonzo, and Franzl, 
859 
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Platelet(s): Blood. See Blood platelet 
Polynucleotide(s): Synthesis, enzy- 
matic, Brummond, Staehelin, and 
Ochoa, 835 
Polynucleotide phosphorylase: Brum- 
mond, Staehelin, and Ochoa, 
835 
Porphyrin: Synthesis, 45-aminolevulinic 
acid relation, Schiffmann and She- 


min, 623 
Proline: Glutamic acid and, intercon- 
version, Strecker, 825 
Propanol: p,-1-Amino-2-. See Amino- 
2-propanol 


Propionic acid: 6-Hydroxy-. See Hy- 
droxypropionic acid 
Protein(s): Biological fluids, determina- 
tion, micro-, Kingsley and Getchell, 
545 
Blood plasma, cerebrospinal fluid, 
determination, Kingsley and Get- 
chell, 545 
— serum, cerebrospinal fluid, deter- 
mination, Kingsley and Getchell, 
545 
—, steroid double bond reduction, 
effect, Rongone, Strength, Bocklage, 
and Doisy, 959 
Flavo-. See Flavoprotein 
Lipo-. See Lipoprotein 
Purine(s): Biosynthesis, Melnick and 


Buchanan, 157 
Levenberg, Melnick, and Buchanan, 
163 


Pyridine nucleotide: Flavoprotein-cata- 
lyzed, transfer reactions, Weber and 
Kaplan, 909 

Pyridoxal: Serine-3-phosphate and _ re- 
lated compounds, elimination reac- 
tions, a,8, effect, Longenecker and 


Snell, 409 
Pyrimidine(s): Biosynthesis, bacteria, 
Green and Cohen, 397 
—, —, tracer use in studies, Green 
and Cohen, 387 

—-, virus, Green and Cohen, 
397 
—-, --, tracer use in studies, Green 
and Cohen, 387 
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Pyrroline-5-carboxylic acid: A'-, forma- 
tion, Escherichia coli glutamic acid 


relation, Strecker, 825 
Pyruvate: Oxidation, avocado  cyto- 
plasm, oxalacetate effect, Avron 
(Abramsky) and Biale, 699 
Pyruvic acid(s): Phenyl-. See Phenyl- 
pyruvic acid 
R 
Ribonucleic acid(s): Electrophoresis 
convection effect, Hakim, 689 


Orotic acid, carbon 14-labeled, radio- 
activity, incorporation into, liver, 
Herbert, Potter, and Hecht, 659 

Riboside hydrolase: Bacteria, purifica- 
tion and properties, Takagi and 
Horecker, 77 


Ribotide: Glycinamide. See  Glycin- 
amide ribotide 

Glycinamidine. See Glycinamidine 
ribotide 


Roentgen ray: Protective agents, action 
mechanism, Eldjarn and Pihl, 


Serine: Aza-L-. See Aza-.L-serine 
Serine-3-phosphate: Elimination reac- 
tions, a,8, pyridoxal and ion effect, 
Longenecker and Snell, 409 
-Related compounds, elimination re- 
actions, a,8, pyridoxal and ion ef- 
fect, Longenecker and Snell, 
409 
Sex: Blood ergothioneine, effect, Mac- 
kenzie and Mackenzie, 651 
See also Hormone 
Skin: Pigmented, dopa production, Fos- 
ter and Brown, 247 
Solid(s): Total. See Total solid 
Spinal fluid: Cerebro-. See Cerebro- 
spinal fluid 
Starch: Digestion, gastrointestinal, car- 
bohydrase, intestine, germ-free ani- 


mals, Larner and Gillespie, 279 
Steroid(s): 21-Deoxy-. See Deoxy- 
steroid 
Double bond reduction, blood pro- 
teins, effect, Rongone, Strength, 
Bocklage, and Doisy, 959 
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Steroid(s)—continued: 
Glucuronylation, liver, Sie and Fish. 


man, 453 
Hydroxylation at carbon 21, Ryan and 
Engel, 103 
A‘-3-Keto-. See Ketosteroid 
Urine, determination, spectrophoto- 
metric, Bitman, fRosselet, Reddy, 
and Lieberman, 39 


Steroid acetate(s): Hydrolysis, albumin 
effect, Rongone, Bocklage, Strength, 
and Doisy, | 969 

Sterone: Cortico-. See Corticosterone 

Streptococcus faecalis: Flavin peroxi- 
dase, diphosphopyridine nucleotide, 
reduced, relation, isolation and 
properties, Dolin, 557 

Oxidases, diphosphopyridine nucleo- 
tide, reduced, relation, Dolin, 


557 
Succinate: Oxidation, avocado cyto- 
plasm, oxalacetate effect, Avron 
(Abramsky) and Biale, 699 
-Requiring Neurospora crassa, oxalace- 
tic carboxylase, Strauss, 535 
Sulfhydryl: p-Amino acid oxidase, 
Frisell and Hellerman, 53 
Sulfide: Di-. See Disulfide 
T 
Taurine: Sulfur 35-labeled, injected, 
absorption, Awapara, 877 


Testosterone: Carbon 14-labeled, meta- 
bolism, Slaunwhite and Sandberg, 


427 
— —, metabolites, Slaunwhite and 
Sandberg, 427 


Thiazane-4-carboxylic acid: 1,3-, form- 
aldehyde and homocysteine derived, 
synthesis and metabolism, Wriston 


and Mackenzie, 607 
Thiol(s): Disulfides and, interaction, 
Eldjarn and Pithl, 499 


Threonine: L-, vitamin p,-1-amino- 


2-propanol from, KArasna, Rosen- 

blum, and Sprinson, 745 

Thromboplastic cell component: Blood 

cell, red, lipoprotein, relation, 

Shinowara, 63 

— platelet, lipoprotein, relation, 
Shinowara, 
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Tissue culture: Cells, enzymes, Lieber- 
man, 883 
Tobacco: Leaves, malonate solutions, 
culture effect, Vickery and Palmer, 


629 
—, organic acids, metabolism, Vickery 
and Palmer, 629 


Total solid(s): Blood serum, determina- 
tion, refractometric, Rubini and 


Wolf, 869 
Urine, determination, refractometric, 
Rubini and Wolf, 869 
Transmethylation: Methionine  activa- 
tion, Cantoni and Durell, 1033 
Trypsin: 5-Chymo-. See Chymotrypsin 
Disulfide linkage, Liener, 1061 


Tumor: -Bearing rats, nucleic acid pat- 
terns, lymphatic organs, Bresnick 
and Cerecedo, 297 

See also Carcinoma, Melanin 

Tyrosine: Melanin-like substance for- 
mation from, liver, dinitrophenol 
effect, Kamin, Koon, and Handler, 

735 


U 


Urine: Bile acid, jaundice, Mahowald, 
Matschiner, Hsia, Doisy, Elliott, 
and Dotsy, 795 

(—)-8- m- Hydroxyphenylhydracrylic 
acid, Armstrong and Shaw, 
269 

Solids, total, determination, refracto- 

metric, Rubini and Wolf, 

Steroids, determination, spectrophoto- 

metric, Bitman, Rosselet, Reddy, and 


Lieberman, 39 
Water, determination, refractometric, 
Rubini and Wolf, 869 


See also Kidney 


V 


Virus: Dihydrothiamine nucleoside bio- 
synthesis, Green and Cohen, 


397 
Dihydrouracil nucleoside biosynthe- 
sis, Green and Cohen, 397 
Pyrimidines, biosynthesis, Green and 
Cohen, 397 
—, —, tracer use in studies, Green 
and Cohen, 387 
Vitamin: A, metabolism relation, Wolf, 
Lane, and Johnson, 995 


Biz, Dg-l-amino-2-propanol, 1L-threo- 
nine relation, Krasna, Rosenblum, 
and Sprinson, 745 


WwW 


Water: Blood serum, determination, 
refractometric, Rubini and Wolf, 


869 
Urine, determination, refractometric, 
Rubini and Wolf, 869 


X 


X-ray: See Roentgen ray 
Xylulose-xylitol enzyme: L-, liver mito- 
chondria, Hollmann and Touster, 


87 

Y 
Yeast: Inositol biosynthesis, Charalam- 
pous, 595 


myo-Inositol isolation and determina-. 
tion, enzymatic, Charalampous and 


Abrahams, 575 

Z 
Zinc: Liver alcohol dehydrogenase, Val- 
lee and Hoch, 185 
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